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A b s tra c t
This thesis comprises of the analysis of a commercial three way catalyst 
(TWC), a s  well as the discovery, development and analysis of a novel 
environmental pollution control catalyst for the abatement of automobile 
exhaust g a ses  (namely CO by oxidation, HC (propane) by oxidation and NOx 
by reduction.
All work was undertaken in collaboration with Blackthorn Autocatalysts, 
Chichester, W est Sussex.
The commercial TWC work comprised of two parts:
(i) catalytic poisoning effects on the commercial TWC by metal
compounds used in lead replacement petrol on activity of CO 
oxidation and HC oxidation.
(ii) platinum group metal lo sses  from the commercial TWC during 
laboratory simulation of an automobile exhaust gas during normal 
driving conditions.
Here the author finds that (i) is more significant than (ii).
The work on the novel catalyst also comprises of two parts:
(i) The activity of a Keggin-type catalyst of the form
[AI04AI12(0H)24(H20)i2]7+ was compared to that of the TWC with 
respect to CO oxidation, HC oxidation and NOx reduction with 
varying Fe3+/AI3+ and Au3+/Fe3+/AI3+ substitutions. Comparisons of 
various preparative methods are made. Selected catalysts are 
characterised and probed in depth.
(ii) A spinel-type catalyst of the form %Au/CoxFe3-x0 4 was selected and 
activity with respect to CO oxidation, HC oxidation and NOx
reduction with varying values of x and Au3+ loadings were compared 
to the TWC. It was characterised in full.
Fe substituted Keggins-type catalysts proved to compare favourably with a 
commercial TWC in HC oxidation, but no CO oxidation and proved to be 
thermally unstable at the high temperatures experienced by TWCs.
1% Au containing cobalt-ferrite spinel-type catalysts of the form CoxFe3-x0 4 
were x = 1.5 proved to compare very favourable when compared to the 
commercial TWC. Achieving lower LOTs for CO and HC oxidation under 
stoichiometric conditions. It was also found to be very active in NOx reduction 
under net reducing conditions. T hese Au/CoxFe3-x0 4 catalysts were readily 
supported on pre-calcined Fecralloy at a level of 0.2 wt%, but more work is 
required to achieve higher loadings and higher activities.
The application of such materials to the catalysis of environmental pollution 
control could be significant.
“OK, so what’s the speed of 
dark?”
Steven Wright
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Chapter One - Introduction
1.1 B a c k  g r o u n d ,  a i m s  a n d  o b j e c t i v e s
Air pollution generated from mobile sources is a problem of heightening 
general interest. The world vehicle fleet has risen from approximately 40 
million to more than 700 million over the last 60 years, with this figure 
projected to increase to 920 million by the year 2010.
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Figure 1.1 Road traffic growth 1950 -  2002 [1]
The majority of vehicles employ an internal combustion engine (ICE) to burn 
fuels derived from crude oil as a source of energy. The burning of 
hydrocarbons (HCs) ideally leads to the formation of water and carbon 
dioxide. However, due to imperfect combustion control and the high 
temperatures reached in the combustion chamber, the exhaust g a ses  contain 
significant amounts of pollutants.
3
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Engine exhaust ga ses  consist of a complex mixture, with composition 
depending on a variety of factors such as: type of engine, driving conditions, 
vehicle speed, etc. The bulk of the exhaust pollutant g a ses  are made up of 
three primary pollutants, unburned or partially burned hydrocarbons (HCs), 
carbon monoxide (CO) and nitrogen oxides ((NOx), mostly NO).
□  Rest ■  Carbon Dioxide ■  Carbon Monoxide ■  Total Hydrocarbons ■  Nitrogen Oxides
Figure 1.2 Typical exhaust gas composition (under cold start conditions) [2]
Three-way catalytic converters (TWC) that are commonly used today to abate 
these three pollutants are not without their problems. Sophisticated air-fuel 
mixer controls need to be employed to keep the air-fuel ratio swinging from 
rich to lean. Light-off temperatures (when 50% conversion is achieved) for the 
TWC are high, therefore on many short journeys the TWC never reaches its 
full working potential. Catalyst metals are lost from TWC creating a growing 
concern at the rise in platinum group metals (PGM) found in the environment.
The aim of this research is to develop a novel catalytic material that (i) lowers 
the light-off temperatures of the three reactions of interest, (ii) gives a greater
4
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air-fuel ratio working window, and (iii) either contains no PGM’s or reduces the 
escap e into the environment of those it does contain.
1 . 2  P o l l u t i o n  r3-7i
Pollution is widely defined as ‘the introduction by man into the environment of 
substances (or energy) liable to be a hazard to human health, to harm living 
resources and ecological system s, to damage structures or amenity, or to 
interfere with legitimate u ses of the environment’.
Pollutants can defined in terms of p r i m a r y  p o l l u t a n t s  (which exert harmful 
effects in the form in which they enter the environment) and s e c o n d a r y  
p o l l u t a n t s  (which are synthesized as  a result of chemical processes, often 
from less harmful precursors, in the environment).
In all ca ses  of pollution there is;
(i) a source of pollution,
(ii) the pollutants them selves,
(iii) the transport medium (air, water or direct dumping onto land),
and
(iv) the target (or receptor), which includes ecosystem s, individual 
organisms (e.g. humans) and structures.
Pollution can be classified in several ways;
(i) the source (e.g. automobile),
(ii) the media affected (e.g. air pollution) or
(iii) the nature of the pollution (e.g. heavy metal pollution).
5
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1.2.1 Air Pollution f3-7i
Although industrial pollution in the UK in the nineteenth century was severe  
enough to necessitate Parliament passing the Alkali Act in 1862 and the River 
Pollution Act in 1876, it took the notorious London smog in 1952 to bring 
about a major improvement in urban air quality through the introduction of the 
Clean Air Act of 1956. Smoke and smog had generally been accepted as an 
unavoidable fact of life in towns and cities of the UK and many other 
industrialized counties. In the UK the high incidence of chronic bronchitis (‘the 
English d isease’) was associated with this type of air pollution. Unfortunately, 
the reduction of smoke and SO2 levels which the Clean Air Act (1956) brought 
about were soon offset by an increase in CO, NOx, O3, PbBrCI and 
peroxyacetyl nitrate (PAN) concentrations caused by increasing numbers of 
motor vehicles on the roads, and the replacement of coal with oil for heating of 
buildings.
The pollution produced by a single automobile on a journey to work is deem ed  
of little consequence, but a concern over the em issions from the daily 
movement of thousands of automobiles can cause serious pollution in a 
population-dense environment such as a city. Atmospheric mixing reduces 
pollutant concentration, but depends on weather conditions (e.g. temperature, 
wind speed, and the movement of high and low pressure system s and their 
interaction with the local topography (e.g. mountains and valleys)). Normally, 
temperature decreases with altitude. But when a colder layer of air settles 
under a warm layer, producing a temperature or thermal inversion, 
atmospheric mixing is retarded and pollutants may accumulate near the 
ground. Inversions can becom e sustained under a stationary high-pressure 
system coupled with low wind speeds. In conditions of bright sunlight, such as 
in the cities of Los Angeles, Mexico City, and Athens (and even those in 
temperate areas such as  London in the summer), the primary pollutants of 
motor vehicle exhausts (smoke, CO, NOx, and PbBrCI) are consumed in 
photochemical reactions. These give rise to a pungent photochemical smog
6
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which irritates eyes, nose and throat and causes more severe toxic effects in 
humans, animals and plants than the primary pollutants.
Periods of only three days with poor atmospheric mixing can lead to high 
pollutant concentrations which, under severe conditions, can result in injury 
and even death. Examples of this include;
(i) an inversion over Donora, Pennsylvania, in 1948 which caused
respiratory illness in over 6,000 people and led to the death of 20
(ii) severe pollution in London took 3,500 to 4,000 lives in 1952 and
another 700 in 1962
(iii) release of methyl isocyanate into the air during a temperature 
inversion caused the disaster at Bhopal, India, in December 1984, 
with at least 3,300 deaths and more than 20,000 illnesses.
The effects of long-term exposure to low pollutant concentrations are not well 
known. However, those thought to be most at risk are the very young, the 
elderly, smokers, workers whose jobs expose them to toxic materials, and 
people with heart or lung d isease. Other adverse effects of air pollution 
include potential injury to livestock and crops. Often, the first noticeable 
effects of pollution are aesthetic and may not necessarily be dangerous. 
These include visibility reduction due to tiny (>10pm) particles suspended in 
air, or bad odours, (e.g. H2S emanating from pulp and paper mills).
The increase atmospheric pollution from motor traffic in many of the world’s  
cities has led to the introduction of legislation to try to mitigate or prevent this 
nuisance. This has included the phasing out of Pb additives in petrol and the 
introduction of catalytic converters in many countries. However, air quality 
problems still remain serious in most large cities and there appears no way of 
preventing them completely without banning the use of private automobiles in 
city centers, or introducing pollution-free alternatives such as fuel cell powered
7
Chapter One - Introduction
cars and buses and environmentally-sound public transport system s are 
introduced. The expected exhaustion of petroleum reserves in the middle of 
the twenty-first century may help to force the issue.
Furthermore, if there is a move towards using oil derived from shale rock as a 
substitute for petroleum, the air quality problems may be exacerbated 
because the shale oils contain a wider range of N- and S- compounds that 
would create pollutants in exhaust gases.
1.2.2 S o u r c e s  a n d  C o n t r o l  r3-7i
The combustion of coal, oil, and petrol accounts for much of the airborne 
pollutants. More than 65% of S 0 2, 20% of NOx, and 14% of the particulate 
matter emitted to the atmosphere in the United Kingdom are produced by 
fossil-fuel-fired electric power plants. 73% of the CO, 6 % of the nitrogen 
oxides and 27% of volatile organic hydrocarbons (VOC) in the atmosphere of 
the UK are produced by the internal combustion engine in petrol and diesel- 
powered motor vehicles. Other major pollution sources include iron and steel 
mills, zinc, lead, and copper smelters, municipal incinerators, oil refineries, 
cem ent plants, and nitric and sulphuric acid plants.
Potential pollutants may exist in the materials entering a chemical or 
combustion process (such as lead in petrol), or may be produced as a result 
of the process itself. CO, for example, is a typical product of internal- 
combustion engines. Methods for controlling air pollution include
(i) removing the hazardous material before it is used
(ii) removing the pollutant after it is formed
(iii) altering the process so  that the pollutant is not formed or occurs
only at very low levels.
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Figure 1.3 UK air pollutants by source in 2002 [8]
Motor vehicle exhaust pollutants can be controlled by burning the fuel as 
completely as possible, by recirculating fumes from fuel tank, carburetor, and 
crankcase, and by changing the engine exhaust to harmless substances in 
catalytic converters. Industrially-emitted particulates may be trapped in 
cyclones, electrostatic precipitators and filters. Additionally pollutant gases  
can be collected in liquids or on solids, or incinerated into harmless 
substances.
1.2.3 International G o v e r n m e n t a l  A c t i o n
A number of countries have set concentration levels in legislation that are 
believed to be low enough to protect public health. Source emission 
standards are also specified to limit the discharge of pollutants into the air so  
that air-quality standards will be achieved. However, the nature of the 
problem requires the implementation of international environmental treaties,
9
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and to this end 49 countries agreed in March 1985 on a United Nations 
convention to protect the ozone layer. This “Montreal Protocol”, which was 
renegotiated in 1990, called for the phase-out of certain chloro-carbons and 
fluorocarbons by the end of the century and provides aid to developing 
countries in making this transition. In addition, several international protocols 
have been aimed specifically at reducing the incidence of acid rain.
More recently the United Nations launched the “Framework Convention” in 
1992, (which was signed by 184 countries in 2000) and in 1997 the “Kyoto 
Protocol”.
The Framework Convention:
(i) recognizes the existence of global warming
(ii) recognizes the role of anthropogenic activities
(iii) guides us to sustainable conditions and
(iv) puts the major responsibility on industrialized countries
The Kyoto Protocol (a result of the Framework Convention):
(i) directs nations to limit the emission of greenhouse g a ses
(ii) directs the nations to reverse the increasing trend in 
em issions by the year 2008, and
(iii) sets  limits for greenhouse g a ses  by the year 2012.
The Kyoto Protocol only applies to industrialised countries. Because of 
economic restrictions, as well as the fact that in developing countries 
(including India and China) greenhouse gas em issions per-capita are much 
lower than those of developed nations, they were not required to commit to 
reductions. It is planned that these poorer countries will be brought more 
actively into future climate change agreements as cleaner technologies 
develop and becom e less expensive.
10
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The fact that, for the first time ever, the United State, Europe and Japan 
agreed on terms for the limitation of greenhouse g a ses  makes the Kyoto 
Protocol a historic moment. Unfortunately since then the situation has 
changed. In 2001 the new U.S. administration decided to withdraw from the 
obligations of the Kyoto protocol.
1975 1980 1985 1990 1995
Y E A R
Figure 1.4 Introduction of em issions legislation across the world [9]
Emission control limits have been driven by legislation. Figure 1.4 shows the 
gradual spread of legislation from the earliest laws in the United States to the 
present time and Table 1.1 gives details on the changes in the pollution limits 
that have been progressively introduced in Europe [9].
11
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1.2.3.1 T h e  EU  th re e -ste p  a p p ro a c h  to reg u la tio n
On 7th December 1995 the European Commission indicated its preliminary 
intention with regard to future automobile regulations. In a far-reaching 
package of measures, the Commission addressed emission standards, test 
procedures and compliance provisions. The preliminary em issions standards 
for automobiles are summarised in Tables 1.1 below.
Table 1.1 European em issions requirements
Year
M ass CO 
g/km
M ass HC g/km M ass HC + NOx 
g/km
M ass NOx g/km
Petrol engine vehicles
1996 (Euro II) 2.2 0.5
2000 (Euro III) 2.3 0.20 0.15
2005 (Euro IV) 1.0 0.10 0.08
M ass CO 
g/km
M ass HC + NOx 
g/km
M ass NOx g/km Particulates
g/km
Light duty diesel 
engine vehicles
1996 (Euro II, IDI) 1.00 0.70 0.08
2000 (Euro III) 0.64 0.56 0.50 0.05
2005 (Euro IV) 0.50 0.30 0.25 0.025
M ass CO 
g/kWh
M ass HC g/kWh M ass NOx 
g/kWh
Particulates
g/kWh
Heavy duty diesel 
engine vehicles
1996 (Euro II) 4.00 1.10 7.0 0.25
2000 (Euro III) 2.10 0.66 5.0 0.10
2005 (Euro IV) 1.50 0.46 3.5 0.02
2008 (Euro V) 1.50 0.46 2.0 0.02
12
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Implementation of these standards requires considerable scientific and 
technological investment, as very challenging targets have been set (see  fig
1.5).
Figure 1.5 Graphical depiction of the European em issions requirements (see  
also [10])
1 . 3  T r a n s p o r t  r e l a t e d  p o l l u t i o n
The two principal power sources for automobiles (i.e. petrol and diesel fueled 
internal combustion engines) are projected to remain in use for the 
foreseeable future. To many this may come as somewhat of a surprise in view 
of their low energy conversion efficiency (~20-25% ) and exhaust emission 
levels. However, alternatives, such as the fuel cell or battery powered vehicle, 
as yet do not offer sufficient benefits to be considered for volume production.
In an ideal power system, em issions other than water would be absent and 
C 0 2 would be minimized. However in practice, incomplete combustion leads
13
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to the emission of CO (~75% of CO is from traffic emission, despite the fact
only approximately 1/8 of fuel burnt is petrol). This is due to either insufficient
0 2 or the high temperature in the engine. Consider the equilibrium
CO + 1/2 o 2 c ------------- --> CO2
with an equilibrium constant
K = [C 02] / ([C 0][02 1 v ‘ )
that decreases as temperature rises. This favours CO formation, even though 
equilibrium shifts to the left due to low 0 2 concentrations
T = 1273K K »10io atmy'
T = 573K K ~1040 atm’8
Thus conditions in the engine favour CO formation.
A wide range of hydrocarbons, including aromatics and oxygenated species  
(such as aldehydes) are also emitted in exhaust gases. Non-exhaust sources 
of hydrocarbon em issions are; evaporation from the fuel tank (6%) and 
carburetor (9%), as well as production in the crankcase (20%). The first of 
these em issions can be reduced by lower volatility fuel or an adsorbent trap 
and the second by recirculating the mist through the engine intake manifold by 
way of a positive crankcase ventilation (PCV) valve.
In addition, NOx (which arises as a result of nitrogen and oxygen reacting at 
the high temperature and pressure produced in the combustion chamber) are 
also emitted in the exhaust gases. Motor vehicles produce 46% of all NO 
emissions, which alone present little problem, but in combination with other 
pollutants can initiate the production of photochemical smog.
14
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The use of lead metal-based compounds as octane improvers is no longer 
permitted in countries such as America, Japan and the UK and is being 
phased out in most industrialised countries. Thus em issions of lead and other 
compounds are largely eliminated.
The emission levels of CO, HCs and NOx’s  are a function of fuel composition, 
engine type and the power/load conditions on the engine. In the case  of a 
petrol combustion engine the overriding factor is the air/fuel ratio under which 
the engine operates (see  Figure 1.6). It is important to note that Under no 
condition are the three principle pollutant emission levels at a minimum level 
and, further, the maximum power output of the engine corresponds with 
maximum rate of N 0 2 em issions. While significant improvements to fuel 
economy, power output and em issions have been made in recent years by 
engine modification and control, none of them has resulted in a engine 
capable of meeting American 1983 standard while maintaining satisfactory 
drivability, power output and fuel economy without the use of a catalyst. The 
accuracy and speed of response of Y-stabilized Zr02 sensors for 0 2 in the 
exhaust stream [11] affects the e a se  of engine control of pollutant levels, 
especially when the kinetics of control reactions are non-linear [12].
LAMBDA
Figure 1.6 Exhaust em issions as a function of air/fuel ratio.
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In the case  of the diesel engine, as the fuel composition and ignition process 
are different to that of a petrol engine, exhaust em issions differ significantly 
(Table 1.2). Exhaust emission standards for diesel engines are therefore 
different.
Table 1.2 Comparison of diesel and petrol exhaust em issions [13]
CO HC’s NOx c o 2 PM10
Petrol engine
(without catalyst)*
100 100 100 100 0
Petrol engine
(with catalyst)
42 19 23 100 0
D iesel engine 2 3 31 85 100
*Petrol cars without catalysts have been given a relative value of 100
for comparison
Atmospheric particulate matter consists of a wide range of materials arising 
from a variety of sources. Particles are classified in terms of their size (e.g. 
PM10 [14]), fractality and chemistry. Nanoparticles [15] (e.g. PM2.5 etc) with 
pollutant passengers [16] are of particular concern. The most frequently 
measured is PMi0, describing the m ass of particles which pass a sampler 
entry with a 50% efficiency at 10 micrometres (pm); therefore PM10 
approximately describes the m ass of particles in the atmosphere with a 
size of less than 10 pm diameter. Particulates (PM10) consist principally of 
combustion generated carbonaceous material (soot) on which som e organic 
compounds have becom e adsorbed.
16
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Emissions are also dependent on vehicle type as shown in Figure 1.7.
Heavy Trucks 
Motorcycles
Light Trucks
Cars
Carbon monoxide
Motorcycles Heavy Trucks 
Light Trucks
Hydrocarbons
Cars
Heavy Trucks
Motorcycles
Light Trucks
Nltrongen Oxides
Heavy Trucks
Light Trucks
Carbon Dioxide
Cars
Figure 1.7 Breakdown of em issions by vehicle type.
All the above measures to reduce pollutant em issions will have little effect 
without more effective inspection programmes for vehicles in use, which 
should have significant beneficial effects (see Figure 1.8). In studies where 
the anti pollution m easures detailed above have been investigated, overall 
emission were found to be reduced by approximately 20% for HC’s, 24% for 
CO and 2.7% for NOx. In addition it was found that fuel economy for the failed 
vehicles improved by approximately 5.5%. Many of the vehicles repaired, 
where able to pass inspection the following year [17].
17
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Figure 1.8 Reduction in em issions after vehicle repair [17]
1 . 4  E f f e c t s  o f  traffic p o l l u t i o n  a n d  s m o g
1.4.1 E n v i r o n m e n t a l  d i s e a s e
An occupational or environmental d iseases is an illness caused by exposure 
to disease-causing agents in the environment, as opposed to illnesses 
related primarily to an individual's genetic makeup or to immunological 
malfunctions. In everyday use, the term e n v i r o n m e n t a l  d i s e a s e  is confined 
to non-infectious d iseases and to d iseases caused largely by exposures 
beyond the immediate control of the individual; the latter restriction 
eliminates d iseases related to personal habits such as smoking or to the use 
or abuse of medications or drugs such as alcohol.
18
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1.4.2 Effects o f  a u t o m o b i l e  e m i s s i o n  pollution H 81
Road transport is responsible for 22% of the UK's total greenhouse gas  
em issions and it is estimated that up to 24,000 people die in the UK every 
year as a result of poor air quality. There are over 120 pollution hotspots in the 
UK, which m eans that national air quality targets won’t be met any time soon.
Poor air quality dam ages health and quality of life, particularly affecting the 
most vulnerable in society -  the very young and older people [19]. Studies of 
air pollution have shown that very high levels of air pollution are associated  
with significant increases in adverse health effects. These health effects can 
include:
(i) premature deaths
(ii) breathing and heart problems
(iii) possible aggravation of asthmatic symptoms
Work done for the NHS Executive in London estimated that transport related 
pollution in the capital:
(i) brings forward som e 200 deaths in the capital each year, and a
similar number of hospital admissions for breathing problems.
(ii) an additional 1,000 plus serious health events requiring hospital 
admission, as well as an additional 500,000 -  1,000,000 minor 
health events requiring som e medical attention.
(iii) an estimated 35,000 years of life lost to Londoners every year.
1.4.2.1 C O
CO has not been shown to produce detrimental effects on higher plant life 
after several weeks at exposure levels below 100 ppm (parts per million). In 
humans and other animals, its principal effect is to interfere with the transfer of 
oxygen through the body, where by forming a coordination complex,
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carboxyhaemoglobin, it slows reflexes, impairs thinking and causes  
drowsiness, by displacing 0 2 in the red blood cells [20].
Table 1.3 Percentage haemoglobin complexed with CO with respect to CO air 
concentration.
[CO] ppm 100 200 1000 10000
% of haemoglobin 
complexed with 
CO
17 20 60 90
In inner cities measured CO concentrations can reach > 200ppm. It is relevant 
to note that an 8-hour exposure to a concentration as low as  30 ppm can 
cause=headaches and nausea [21].
1.4.2.2 NOx
The most common toxic oxide of nitrogen is N 0 2. This is a reddish-brown, 
pungent gas which cau ses severe irritation of the inner most part of the lungs. 
NO is odourless, colourless and relatively non-toxic. As well as being a 
primary pollutant, NOx is involved in atmospheric reactions which form 
secondary pollutant (discussed in section 1.4.3) [20]. NOx can be controlled by 
PGM/zeolites [22}. Ideally reduction of NOx should not yield NH3 [23,24].
1.4.2.3 H y d ro c a rb o n s
CH4 can be seen  in auto exhausts [25], but because of the great diversity of 
hydrocarbon compounds in polluted air, it is not possible to make a clear 
statement on toxic levels. Individual compounds such as benzene [26] are of 
concern to human toxicity, whilst others, particularly ethene (a plant growth 
hormone), may affect the development of crops. Many volatile organic 
compounds (VOC) irritate the mucous membranes, and som e even have a 
narcotic effect
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Figure 1.9 Representation of a polyaromatic hydrocarbon
Polycyclic aromatic hydrocarbons (PAHs, s e e  Figure 1.9) are a class of very 
stable organic molecules made up of only C and H. They are flat, with each C 
having three neighbouring atoms, much like graphite. They are highly 
carcinogenic and very common being a standard product of combustion from 
automobiles and airplanes [27], PAHs have a very high surface area on which 
adsorbs a variety of organic compounds generated during the combustion 
process and which could represent up to 40% of the particulate m ass [28], 
Recent studies suggest that concentrations of VOCs in the urban atmosphere 
have dropped by 30-80% over the period 1993-2003 [29,30] in part because  
of the introduction of exhaust catalysts.
1.4.2.4 P a rticu la te  m atter
One of the main facets of particulate air pollution is the decrease in visibility 
caused by light scattering. It is estimated that due to short-term (acute) 
exposure, in Great Britain in 1996, PM10 pollution was associated with around 
8,100 deaths brought forward and 10,500 additional or brought forward 
hospital admissions. Health impacts of long-term (chronic) exposure are likely 
to be greater. Particulate matter causes inflammation of the airways which 
may lead to worsening of existing lung d isease and heighten the sensitivity to 
allergens of hay fever and asthma suffers. It may also alter the ability of blood
2 1
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to clot and circulating. Carcinogenic organics absorbed on particulates will be 
transported into the lungs greatly increasing the risk of cancers [20,31].
1.4.3 Effects o f  s m o g  a n d  o z o n e
NOx and VOC (especially alkenes) will react with sunlight to form tropospheric 
ozone ( 0 3) and photochemical smog. These Secondary pollutants can be just 
as damaging to health and the environment. W hereas primary pollutants are 
localized, the effect of secondary pollutants are felt regionally.
The harmful effects of smog occur mainly in the areas of
(i) human health and comfort
(ii) dam age to materials
(iii) effects on the atmosphere and
(iv) toxicity to plants.
The exact degree to which exposure to smog affects human health is not 
known, although substantial adverse effects are suspected. Pungent - 
smelling, smog - produced ozone ( 0 3) is known to be toxic. 0 3 at 0.15 ppm 
causes coughing, wheezing, bronchial contraction and irritation to the 
respiratory mucous system in healthy, exercising individuals, as well as  
severe headaches. Peroxyacyl nitrates (PAN) and aldehydes found in smog 
are eye irritants.
Materials are adversely affected by som e smog components. Rubber in 
particular has a high affinity for ozone which results in it being cracked and 
aged. Indeed, the cracking of rubber has been used to be employed as a test 
for the presence of ozone. Also, Aerosol particles that reduce visibility are 
formed by the polymerization of the smaller molecules produced in smog - 
forming reactions.
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Figure 1.10 Schematic diagram for the formation of photochemical smog
Since these reactions largely involve the oxidation of hydrocarbons, it is not 
surprising that oxygen containing organic compounds constitute the bulk of 
the particulate matter produced from smog. The Harmful effects of smog on 
plants are largely due to oxidants in the smoggy atmosphere. The three major 
oxidants involved are ozone, PAN and nitrogen oxides. Of these, PAN has the 
highest toxicity to plants, attacking younger leaves causing “bronzing” and 
“glazing" of their surfaces. Exposure for several hours to an atmosphere 
containing PAN at a level of only 0.02 to 0.05 ppm will dam age vegetation. 
Brief exposure to approximately 0.06 ppm of 0 3 may temporarily cut 
photosynthesis rates in som e plants by half [32].
The impact of air pollution on health can also be a ssessed  in monetary terms: 
the cost of health care, days of lost work and the economic cost of premature
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deaths. The National Asthma Campaign has estimated that asthma costs the 
UK over £1 billion per year [33] and Environmental economists have 
estimated that the cost of air pollution from road transport at £19.7 billion per 
year [34].
1.4.4 G l o b a l  w a r m i n g ,  gl o b a l  d i m m i n g  a n d  p ublic  
a w a r e n e s s
The temperature of the Earth’s  surface is a function of the balance between 
energy coming in from the sun (in the form of sunlight) and energy constantly 
being emitted to space.
The Earth is warmed by the energy coming in from the sun that p asses  
through the atmosphere almost unchanged. Som e of the outgoing infrared 
radiation is absorbed by naturally occurring greenhouse g a ses  - primarily 
water vapour, but also carbon dioxide (C 02), ozone ( 0 3), methane (CH4) and 
nitrous oxide (N20 ). This reduces the rate at which the earth cools. This 
natural greenhouse effect tends to warm the lower atmosphere (troposphere) 
and keeps the surface of the earth around 33°C (303K) warmer than it would 
be in the absence of greenhouse g a ses  [35].
It is estimated average global surface temperatures have increased by 0.4 to 
0.8° C (0.4-0.8K) since the late 19th century. 1998 was the hottest year since 
global records began in 1860, 2003 was the third warmest, and all ten of the 
hottest years on record have been during the period 1990-2003. Studies of 
this trend show that it is statistically significant and is unlikely to be entirely 
natural in origin. Current climate models predict that global temperatures will 
rise by a further 1.4 to 5.8° C (1.4-5.8K) by the end of the 21st century [35].
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Figure 1.11 Global and central England surface temperature anomalies in 
1772-2003 [35]
The mean annual central England temperature warmed by about 1°C (1K) 
during the 20th century. The 1990’s  were exceptionally warm in central 
England by historical standards, about 0.6°C (0.6K) warmer than the 1961- 
1990 average. Four of the five warmest years since 1772 have been since 
1990. In 2003 the highest temperature ever recorded in the UK was reached 
when temperatures peaked at 38.5°C (311.65K) at the observing station, 
Brodgate, Kent.
A very hot August, such as that experienced in 1995 (when temperatures over 
central England averaged 3.4°C (3.4K) above normal) is predicted to occur as 
often as three years in five by the 2080s under the higher em issions scenarios 
[35].
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Figure 1.12 Predicted change of UK summer average temperature in the 
2080s [36]
For su ccess in these issues, public support and awareness is of great 
importance. When the UK public were asked by the Department for
Environment, Food and Rural affairs (DEFRA) during the 2001 survey, ‘Public 
Attitudes to Quality of Life and to the Environment’, what are the top five
reasons for cutting down the use of a car for short journeys, the two top
answers were of a personal rather than environmental nature (see  Figure 
1.13).
To avoid congestion 
To save petrol 
To help the environment I reduce pollution 
To save money
To get more exercise
0 10 20 30 40 50 60 70
Percentage of respondents*
* percentages do not sum to 100 because more than one answer could be given
Figure 1.13 Public attitudes to the question ‘what are the top five reasons for 
cutting down use of a car for short journeys’ [36]
■
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Interestingly there is some uncertainty about the balance of importance of 
global warming due to greenhouse gases and global dimming due to 
particulates [37,38]. It has been shown over the last three ‘Public Attitudes to 
Quality of Life and to the Environment’ surveys there has been a growing 
public understanding of the factors that contribute towards climate change. 
The public were asked which, if any, from a list containing both true and false 
factors, they thought were major contributors to climate change. Figure 1.14 
shows the main results.
Use of gas, electricity 
in homes
Use of gas, electricity 
by industry
Emissions from 
power stations
Emissions from 
transport
Carbon dioxide 
emissions
Destruction of 
forests
0 10 20 30 40 50 60 70 80
per cent of respondants
Figure 1.14 UK public knowledge of major factors contributing to climate 
change, by year (1993-2001) [36]
□  1993 
■  1996/7
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1 . 5  C a t a l y s t s
A catalyst is defined as a substance that alters the rate of a chemical reaction 
without itself undergoing any permanent chemical change. If the activation 
energy (Ea) of a reaction is high at normal temperatures only a small 
proportion of molecular encounters result in reaction. A catalyst lowers the 
activation energy of the reaction by providing an alternative path that avoids 
the slow rate-determining step of the uncatalysed reaction, and results in a 
higher reaction rate at the same temperature.
A catalyst in a solution with, or in the same phase as, the reactants is called a 
hom ogeneous catalyst. The catalyst combines with one of the reactants to 
form an intermediate compound that reacts more readily with the other 
reactants. The catalyst, however, does not influence the equilibrium of the 
reaction, (because the decomposition of the products into the reactants is 
speeded up to a similar degree), only the rate at which that equilibrium is 
approached. An example of homogeneous catalysis is the formation of SO3 by 
the reaction of SO2 with 0 2, in which NO serves as a catalyst. In this reaction 
an intermediate compound (N 0 2) is formed which then reacts with oxygen to 
form SO. The same quantity of nitric oxide exists at the end as at the start of 
the reaction.
A catalyst that is in a separate phase from the reactants is said to be a 
heterogeneous, or contact, catalyst. Heterogeneous catalysis normally 
depends on at least one reactant being adsorbed (usually chemisorbed) and 
modified to a form in which it readily undergoes reaction. Often this 
modification takes the form of a fragmentation of the reactant molecules. An 
example of heterogeneous catalysis is the use of finely divided platinum to 
catalyze the reaction of CO with 0 2 to form C 0 2. This reaction is used in 
automobile catalytic converters to eliminate carbon monoxide from the 
exhaust gases.
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1 .5 .1  C a t a l y t i c  c o n v e r t e r s
The concept of using a catalyst to convert CO, HCs and NOx to less 
environmentally active compounds such as N2, H20  and C 0 2 was a well 
established practice prior to the need arising on motor vehicles. The principle 
reactions are
(i) oxidation of CO to C 0 2
(ii) HCs to C 0 2 and H20
(iii) the reduction of NOx to molecular N2.
Other undesirable secondary catalytic reactions could occur producing NH3 
[19], H2S and N20 .
Given the differing nature of the three classes of pollutants (i.e. reducing or 
oxidizing agents) it is necessary to simultaneously carry out both reduction 
and oxidation reactions over the exhaust catalyst, which can occur by a 
variety of reactions. The ability of the TW C ’s to simultaneously eliminate three 
classes of pollutants is at the origin of their name. Some of these are 
summarized in Table 1.4.
Table 1.4 Reactions occurring on the automobile exhaust catalysts, which 
may contribute to the abatement of exhaust-contained pollutants
Oxidation 2 C 0 + 0 2-» 2 C 0 2
HC + 0 2- * C 0 2+H20 a
Reduction/three-way 2CO +2NO - * 2 C 0 2+N2
HC +NO -> C 0 2+H20  +N2a 
2H2+2NO -*2 H aO +N2
Water Gas Shift CO +H20  -» C 0 2+H2
Steam reforming HC +H20  -> C 0 2 +H2a
Unbalanced reaction.
Importantly, this Table reports only the desirable reactions, in that many other 
reactions could occur in the complex mixtures, such as, for example,
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reduction of NOx to ammonia, partial oxidation of HC to give aldehydes and 
other toxic compounds, etc. Given the complexity of the exhaust media, a high 
selectivity is required in order to promote only the reactions reported in Table 
1.4.
By the nature of the oxidation and reduction reactions that are involved in the 
removal of CO, HC and NOx and the operating characteristic of the preferred 
catalysts, several combinations of engine/catalyst system have been used 
since catalytic converters were first introduced in American cars in 1975.
Three - Way 
Reduction Catalyst
Dual-bed catalyst Oxidation Catalyst
Equivalence ratio
Figure 1.15 The effect of gas stoichiometry on the conversion efficiency of a 
rhodium/platinum catalyst
Normally, exhausts catalysts are heterogeneous and supported on alumina- 
washcoats on ceramic monoliths and diffusion into the these [12] is important.
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1.5.1.1 C O /h y d ro c a rb o n  o x id a tio n  catalyst.
As shown in Figure 1.15 only a limited region of the air/fuel ratio span exists in 
which CO, HCs and NOxs can be reacted on the same catalyst with greater 
than 90% conversion. Hence, in situations where CO and HCs (but not high 
NOxs) emission control is required, e.g., the European ‘Euronorm’ standards, 
oxidation catalyst is used.
The key features of this system are the use of a secondary air supply to the 
exhaust gas stream to ensure oxidizing conditions under all engine operating 
loads, and the use of exhaust gas recirculation to limit nitrogen oxide 
emissions from the engine.
Pt and Pd are particularly effective in oxidation, while Rh is especially active in 
NOx reduction.
1.5.1.2  D u al-b ed
In order to meet ever more severe NOx standards, such as those imposed in 
America in 1981, catalysts capable of reducing NOx emissions are necessary. 
Initially, as a result of the difficulty of controlling air/fuel ratios to the tolerance 
required by a single catalyst unit, a dual catalyst bed was used. The dual bed 
system has since been replaced with a single three-way catalyst unit.
1 .5.1.3 T h re e -w a y  c a ta ly st  c o n c e p t s
the key feature of this system in addition to the catalyst unit are an 
electronically controlled air /  fuel management system incorporating in its most 
advanced form, the use of an oxygen sensor to monitor and control exhaust 
gas composition.
A reduction catalyst is employed to lower the concentration of NO in the 
exhaust gas and an oxidation catalyst to remove hydrocarbons and CO.
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CO Substrate Mat Can Washcoat Catalyst
Figure 1.16 Diagram of a generic three-way catalytic converter
A dual catalyst system involves running the engine slightly rich in fuel and 
passing the exhaust gas first over a reduction catalyst to reduce the NOxs. Air 
is pumped into the exhaust downstream from this device and the exhaust 
stream passes through an oxidation catalyst where hydrocarbons and CO are 
oxidized.
Figure 1.17 Schematic representation of a catalytic system for treating 
exhaust emissions
Noble metals (Pd, Pt, Ru) and non-stoichiometric oxides, such as Fe20 3 or 
CoO Cr20 3 may be employed as oxidation catalysts. The latter have the 
property of being able to gain oxygen in their lattice structure, followed by the
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loss of oxygen to the substance being oxidized. The objective of the reduction 
catalyst is to convert NO to harmless N2. The reduction may be catalyzed by 
noble metals (Pd, Pt, Ru, Rh), base metals (Co, Ni, Cu) or oxides (CuO, 
CuC r04). With CO as the reducing agent, the two major reactions are
2NO + CO --------------------► N20  + C 0 2
N20  + CO  *  N2 + C 0 2
2NO + 2CO --------------------►N2 + 2 C 0 2
Several undesirable side - reactions, such as the formation of NH3, can occur 
with a reduction catalyst.
2NO + 5H2 ------------------- 2H20  + 2NH3
Since lead can poison automobile exhaust catalysts, automobiles equipped 
with catalytic exhaust - control devices require lead-free petrol, which has now 
become the standard motor fuel. Also the catalytic system is most effective 
when it is hot. This means that on short journeys the expected 90% reduction 
in NOx and hydrocarbon emissions will not occur. This is a part of the cold- 
start problem.
1.5.1.4 L ean  b u rn  s y s t e m s
The concept of operating engines under very lean, (i.e. air/fuel ratio > 20:1) is 
attractive in terms of reducing nitrogen oxide emissions and improving fuel 
economy. However, with current engine technology, in order to achieve NOx 
emission within legislation requirement, the engine must operate in the very 
lean region where hydrocarbon emissions increase to levels that may exceed 
legislation. In these situations a oxidation catalyst is incorporated into the 
exhaust system to control hydrocarbon emissions.
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1.5.1.5  E x h a u s t e m is s io n  co n tro l
Although diesel engines emit relatively low concentrations of CO and HCs 
compared to petrol engine automobiles, diesel engine particulate emissions 
are now estimated to account for 40% of smoke emission in Britain and 80%  
of the estimated 140 000 tonnes of carbon particulates emitted in Europe 
each year. Associated with the carbon particulates that are produced during 
the combustion process is a range of aromatic hydrocarbons having 
mutagenic activity [39,40].
To combat this the carbon and associated organics can be collected on a filter 
and removed by oxidation in a filter regeneration that is effective for the life of 
the vehicle. As the particulates are not oxidized at a significant rate below 873 
K (a temperature only achieved in the exhaust system when the engine is 
near or at full power). A more promising system incorporates a catalyst into 
the filter that reduces the oxidation temperature to approximately 573 K.
1 . 6  C a t a l y t i c  p o i s o n i n g ,  e n v i r o n m e n t a l  a n d  
h e a l t h  r i s k s  o f  l e a d
1 .6 .1  C a t a l y t i c  p o i s o n i n g
Lead species found in exhaust gases of automobiles are known to poison the 
active precious metals in TW Cs [41,20]. Therefore to facilitate catalyst 
introduction, the lead content of petrol had to be reduced. Tetraethyl lead was, 
and indeed in many parts of the world is still, added to petrol to boost the 
octane number. In 1975, with the introduction of the first converters, unleaded 
fuels were introduced into the US and Japan. The UK followed with the 
introduction of unleaded petrol in 1986 and catalytic converters in the early 
1990s.
The emissions benefit to petrol vehicles of using the TW C were enormous, but 
the phasing out of lead had drawbacks. A  replacement octane booster was
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needed to prevent engine “knock” (which occurs during combustion when the 
fuel-air mixture explodes rather than burning smoothly, causing a knocking 
noise) and this was resolved only by increasing refinery processing, or the 
addition of oxygenates (e.g. methyl tertiary-butyl ether (MTBE)). Petrol 
containing lead additives was also used to lubricate the valve seats of the 
engine at high temperature [42]. The principle requirement for lead- 
replacement petrol (LRP) arose because it was projected that as many as 3 
million vehicles would be operational in the year 2000 with soft valve seats. If 
these engines were to be fuelled with non-lead containing petrol then they 
would be subject to valve seat recession (VSR), which results in incomplete 
compression and increased emissions.
The interaction between lead additives with the surface of the valve seats has 
been explored by XPS [43]. The lead-based additives physisorb onto the steel 
surfaces and under extreme conditions break down into Pb° and carbon- 
based materials that can act as solid lubricants for mechanical contact. 
However recent studies have found that lead naphthenate (Pbnp) is an 
inappropriate lubricant for mechanical systems with a hard coating on the 
steel or iron, such as TiC or TiN as these coatings are unable to retain any 
lead fragments on their surfaces [44].
A major concern with the chemistry of LRPs is the fact that corrosion could 
occur at high temperatures. Four possible LRP additives were considered by 
the petroleum industry.
•  Sodium salts. These give problems due to their effect on Saab engines 
and the fact that the temperature at which corrosion occurred was only 
marginally above the operating temperatures of engines [45].
•  Potassium salts are used in Scandinavia, Germany, Austria, 
Switzerland, The Netherlands and the Far East as the corrosion 
temperature associated with them is well above engine operating 
temperatures. However doubt has been cast over their aptitude 
because of their chemical similarity with sodium salts.
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•  Phosphorous compounds. These provide the greatest protection of the 
four alternatives in terms of their effect on VSR and valve stem wear. 
These have been put into petrol tanks directly without blending into the 
petrol. It is because of this that they are not further discussed in this 
paper as LRP additives are pre-blended with petrol in the UK. Thus 
phosphorous salts are not adequate for use in the UK.
•  Manganese compounds (MMT) were promoted by the Ethyl 
Corporation because of good experience in Canada and the USA. It is 
also claimed that Mn salts produce octane enhancing qualities, but 
their use has since been restricted.
The mixing of different LRP additives can also result in a eutectic m ixture 'm 
which can have damaging effects could occur within normal engine and 
exhaust temperatures. The combined effect of sodium and potassium 
additives on SAAB turbo charger blades was to cause exaggerated valve 
stem wear and valve seat failures.
Concerns also remain regarding the LRP additives harmful effect on modern 
three-way-catalysts (TWCs) fitted to the exhausts of modern vehicles. It was 
suggested that sodium and potassium based additives have only a limited 
effect on TWCs, whereas additives containing manganese and phosphorous 
were more detrimental to catalytic activity than the afore mentioned [46],
1 .6 .2  H e a l t h  a n d  e n v i r o n m e n t a l  r i s k s  o f  P b
Even before the introduction of the TWC, in the early 1970s, environmental 
and health concerns resulted in a progressive reduction in the amount of lead 
added to petrols.
Lead can be absorbed through ingestion into the gut, through inhalation of 
either inorganic or organic forms, or through the skin (especially for organic
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lead compounds). It binds to red cells (erythrocytes) in the bloodstream 
producing abnormal haemoglobin and, hence, anaemia. Then, especially 
inorganic lead is distributed in blood, soft tissue and bones and teeth. Organic 
forms of lead are fat-soluble and therefore have a particular tendency to 
distribute into (and harm) the brain, recent reports have claimed “exposure to 
lead may be one of the most significant causes of violent crime in young 
people” [47] and “schizophrenia is linked to lead petrol” [48]. There is a risk of 
chronic effects on the nervous system - paralysis of motor nerves, poor 
aptitude (especially in children) and other effects on cognitive functions. There 
are many other effects including acute abdominal pain, kidney damage, high 
blood pressure and adverse reproductive consequences.
Lead occurs naturally in the environment. However, most significant lead 
concentrations that are found in the environment are a result of human 
activities. Pollution of water and soils commonly occurs (through corrosion of 
leaded pipelines in a water transporting system and through corrosion of 
leaded paints). This lead accumulates in the bodies of water and soil 
organisms causing them to experience health effects. Shellfish can be 
adversely affected even when only very small concentrations of lead are 
present and bodily functions of phytoplankton can be disturbed when lead 
interferes. As phytoplankton is an important source of oxygen production in 
seas and acts as a food source for many larger sea-animals the effect is 
carried through the food chain. Soil functions are also disturbed by lead 
intervention, especially near highways and farmlands, where extreme 
concentrations may be present. Soil organisms then suffer from lead 
poisoning too. The ecological effects of lead in soil, however, are not yet fully 
understood [39,49].
The concentration of airborne lead in the UK has fallen significantly since the 
introduction of unleaded petrol (see Figure 1.17) in 1986. Another significant 
drop was seen when leaded petrol was completely phased out in 2000. This 
has been confirmed by levels of anthropogenic lead in polar snow and ice. 
These were 200 times higher than the natural values in the northern 
hemisphere at the end of the 1960s and have now declined markedly. In
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Antarctica lead pollution reached a maximum in the 1980s (20 times higher 
than natural values) and have since fallen dramatically [50]. Although, it has 
been reported, that a source of lead is still traffic related [51].
1.6
Year
Figure 1.17 Annual average concentrations of lead at the Statutory/Baseline 
site Cromwell Rd, London [36]
1 . 7  P r o b l e m s  w i t h  p l a t i n u m
Since the introduction of catalytic converters containing platinum group metals 
(PGMs), there has been concern that their increasing use might lead to PGMs 
becoming widely dispersed in the environment. Air samples taken from 
various locations around the UK in 2000 revealed a zero Pt content, whereas 
samples taken from the same locations in 2003 contained Pt, albeit still <0.01 
ng m"4 [36].
From the analysis of Pt, Pd, and Rh levels in snow and ancient ice from 
central Greenland using the ultra sensitive inductively coupled plasma mass
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spectrometry technique (IC-PMS), it was shown that concentrations of Pt and 
Rh in snow dated from the mid 1990s are indeed approximately 40 and 120 
times higher than in ice dated from 7000 years ago. The fact that such an 
increase is observed far away from populated areas at a high altitude location 
indicates there is now a large scale contamination of the troposphere of the 
Northern Hemisphere with PGMs [52,53]. The Pt/Rh mass ratio in the most 
recent snow samples is close to the same ratio documented for catalytic 
converter exhausts in a recent study, which suggests that a large fraction of 
the recent increase for Pt and Rh might well originate from automobile 
catalytic converters [53,54]. A study by Palacios et al. reported the highest 
PGM content in exhaust fumes was from new catalysts and the general 
tendency was for the content of the PGM particulates to reduce with 
increasing catalyst usage [55]. Recently Barbante et al. have estimated the 
annual Pt emissions from automobile catalytic converters could be as high as
0.5-1.4 ton year"1 [53].
The emission of the three PGMs, from automobile catalysts into the urban 
environment, is of potential concern to human health, as it is know that 
workers involved in platinum refining suffer from higher than normal levels of 
chronic asthma [56]. PGMs are also associated with nausea, increased hair 
loss, increased spontaneous abortion and dermatitis [57]. Some Pt salts (i.e. 
hexachloro platinate ([PtCle]2+.6H20) and tetrachloro platinate ([PtCI4]4+)) are 
among the most potent allergens and sensitisers [57].
The PM10 concentrations of PGMs in urban air collected in a recent study in 
Goteborg are 0.1-10 pg m"3 (Pd), 0.9-19 pg m~3 (Pt), and 0.3-4 pg m“3 (Rh), 
with higher values for greater traffic intensity. These concentrations provide a 
general background for the urban atmospheric environment, and the Pt:Rh 
ratio (4.2:1) again agrees with known automobile catalyst composition [54]. 
Roadside dust samples collected from the London Orbital (M25) ranged from
0.6ng g"1 to 62.8ng g'1 with the highest levels found inside road tunnels. The 
highest Pt levels were found at the M25/A3 junction, suggesting the stop-start 
conditions have the greatest influence on Pt particle release [58].
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The PGM particles in the roadside dust can be transported to water bodies 
through storm water runoff. It is estimated that the soluble fraction of PGMs in 
automobile catalyst emissions is at less 10% [57], As well as the external 
contamination of grass close to roads, internal PGM uptake has been 
observed for plants growing on PGM contaminated soil. Internal uptake of 
PGMs has also been reported in fish and mammals [59].
Figure 1.18 Pt demand by application in 2003 [60]
With the increasing useage of TW C ’s there has been a considerable increase 
in the global demand for Pt, with total annual demand increasing from 2.6 
tonnes in 1975 (of which 0.36 tonnes was for autocatalysts) to 6.1 tonnes in 
2003 (of which 3.2 tonnes was for autocatalysts). Automotive catalysts now 
represent almost 40% of of the total demand a number that is expected to 
increase in the future as more vehicles are equipped with the devices and this 
is reflected in its price, (see Figure 1.19 [60]).
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1000
Figure 1.19 World market price for Pt from 1993 to 2005 [60]
Consequently world reserves are dwindling and the future of the PGMs is 
uncertain. 88% of world Pt reserves are in South Africa, These are reported 
to be 203.3 tonnes in 1999 [60] Proposals to boost stocks have considered 
including the mining of meteors, which often contain high levels of the metals 
[61].
Taking all the above into consideration, it looks likely that the use of PGMs in 
future autocatalysts could prove unaffordable, unsustainable and unhealthy, 
for both the environment and mankind. This was the starting point of this 
thesis.
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1 . 8  G o l d
It is well known that bulk gold in bulk is chemically inert. Therefore it has been 
largely overlooked as a catalyst material, being thought to be a relatively 
catalytically inactive compared to other metals such as platinum and 
palladium. Any observed activity was often attributed to impurities present in 
the gold samples used [62]. However, new developments may allow gold to 
replace or augment traditional catalysts. When suitably manipulated, gold is 
able to catalyse a wide range of reactions (i.e. oxidation, hydrogenation and 
many others) resulting in a wide range of potential industrial applications, 
including catalytic converters for automobiles [63,64].
The most frequently used catalytically active metals are the 3d, 4d and 5d 
metals of groups 8 (although 0s04 is toxic and therefore prohibited) due to 
their d-band vacancies. 1B metals (e.g. Cu, Ag and Au) have relatively low 
ionisation energies and so readily lose a d and an s electron to generate a d- 
band vacancy. Gold (5d) is the exception with a high first ionisation potential 
(890 kJ mol'1) [65], Differences between 4d and 5d elements have been 
attributed to a relativistic effect that stabilises the 6s2 pair. As the mass of the 
nucleus increases, the energy of the innermost 1s2 electrons has to increase 
to maintain their position and for gold they attain a speed of approximately 
60% that of light. There is a relativistic effect dependent on their mass and the 
1s orbital contracts. The outer s orbital has to contract in sympathy, whereas p 
and d orbital are effected to a much lesser degree [66,67].
A few papers reported on the activity of gold early in the 20th Century [66], but 
it was 1973 when Bond and Sermon [68,69] were among the first to show that 
gold may not be catalytically inactive at all. In 1979 Sermon et al [70] reported 
that very small, silica-supported, gold particles were catalytically active for 
hydrogenation. Due to two important observations in the 1980s gold became 
of great interest to many research groups, as can be seen in figure 1.20 
below.
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Figure 1.20 Publications on gold catalysis in the academic literature [62] * 
Note that this column is for 2.5 years compared with 10 years for all previous 
columns
The first of more recent observations (see Figure 1.20) was by Haruta et al
[71] who reported that supported Au nano-crystal catalysts were very active 
for low temperature CO oxidation, and at temperatures below 273K. This is 
not known for any other metal. The second was a prediction by Hutchings,
[72] that Au could be an improved catalyst for ethyne hydrochlorination. This 
prediction was confirmed and the supported Au catalysts were not only found 
to be highly active, but also long-lived. Au3+ was the active form although this 
slowly deactivated to Au° and could be reactivated in situ with co-fed NO [62],
Recent innovations and research have shown that when carefully prepared, 
gold can actually be preferable to other, more conventional catalytic materials. 
The key to achieving an active catalyst is the preparation of gold particle sizes 
in the region <10 nm diameter [65,67,73,74], This is due to bulk Au and larger 
Au particles being unable to chemisorb to any useful extent.
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As the size of the Au particles decreases
(i) the fraction of surface atoms increase, these vibrate more 
freely, hence the melting temperature is lowered,
(ii) as the average number of bonds between atoms becomes 
less the overlap of electron orbitals decreases, hence the 
band structure is weakened and surface atoms start to 
behave as individuals,
(iii) a greater fraction of atoms come into contact with the 
support, and so the length of the periphery per unit mass of 
metal rises [66].
For a efficient catalyst, the chemical bond between catalyst and adsorbed 
species must be strong enough to activate the adsorbed molecules, but not so 
strong it would result in long residence times of the intermediates and difficult 
desorption of the reaction products [73,75].The Tanaka-Tamaru Rule [76] 
states that the enthalpies of chemisorption are linearly related to the 
enthalpies of formation of the most stable oxides, which suggests that 
chemisorbed oxygen atoms are energetically similar to those in the bulk oxide. 
Due to the instability of gold oxide Au20 3 (AHf = +19.3kJ mol"1) it is unable to 
chemisorb oxygen in the bulk state [66]. Hence when a sufficient number of 
low-co-ordination surface atoms are present, ideally on particles so small they 
lack full metallic character, Au is found to be catalytically active.
Au has a lower melting point and affinity for metal oxides than Pd and Pt. 
Therefore it is difficult to deposit Au as nanoparticles via impregnation 
methods. Also the coagulation of Au particles is increased by the presence of 
the chloride ion during calcination of HAuCI4 crystallites already dispersed on 
the metal oxide surface [74]. Deposition-precipitation and co-precipitation
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techniques appear to be the most reliable procedures for the production of 
active Au [67,75,77]; these methods produce hemispherical metal particles 
with their flat planes strongly attached to the metal oxide support. Turnover 
frequencies (TOFs, i.e. CO molecules oxidized per active site per second) for 
CO oxidations are much higher for these particles than for spherical metal 
particles (see Figure 1.21) suggesting the reactions may take place at the 
perimeter around the Au particles, see Figure 1.22. CO oxidation over Pt 
supported on metal oxides can of course also take place at a Pt surface. 
Hence, the TOFs are not so remarkable or varying from one preparative 
method top another [65,74,78].
Figure 1.21 Turnover frequencies (TOFs) for CO oxidation over spherical and 
hemispherical particles of Au and Pt supported on T i0 2 [65]
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Figure 1.22 Probable pathways and species involved in CO oxidation over 
T i0 2-supported Au catalysts [74]
However, there are many hypotheses regarding the active site involved in CO  
oxidation over Au supported catalysts. Amongst the proposals put forward 
are: quantum size effects and Au particles containing 55 atoms which are
1.5nm in diameter and extremely stable. Bond and Thompson have proposed 
a model where Au atoms at the interface between the Au particle and the 
metal oxide are the active oxidation centers (see Figure 1.23). Au3+ was 
reported to be the important component in an Au/Fe2/ 0 3 catalyst by Hutchings 
et al [79],
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Figure 1.23 A representation of the early stages of the oxidation of CO at the 
periphery of an active Au particle [80]
Focusing on the Au particle size alone overlooks the significance of the metal 
oxide support in the reaction [75]. Many oxides can be used as the support 
(except for strongly acidic materials). TOFs at room temperature are similar 
for Al20 3, S i0 2, and T i0 2 supported Au, although the last of these is greater 
than the others when H20  concentrations fall below 10ppm [65,67], Haruta 
found the best support (with a Au loading of 5%) for CO oxidation at sub­
ambient temperature (in fact 197K) was a-Fe20 3 [78]. Whereas Jia et al 
found C e 0 2 was superior [81].
One of the most exciting things about catalysis by gold for automobile 
catalysts is the 'light-off temperatures that are achieved. For instance, 
platinum and palladium require very high temperatures in the range 400-800K  
for catalysis to occur. But under proper conditions gold catalysis can occur at 
ambient temperatures or below (i.e. 200-350K), making catalysis more 
effective across a range of operating temperatures. Unlike many other 
platinum group metal catalysts, the presence of a high humidity is actually 
beneficial (rather than detrimental) to the observed activity [65,74].
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Gold catalysis is already used commercially in Japan for the removal of the 
odours from toilets. Other odour reduction applications are possible, as well 
as the potential to remove nitrogen oxides from diesel engine exhaust gases 
and t© the decomposition of dioxins in incinerators. Of great interest has been 
the ability of appropriately prepared gold catalysts to effect the oxidation of 
carbon monoxide at moderate temperatures. The best examples function 
below ambient temperature and show greater activity than conventionally 
prepared palladium and platinum catalysts. This could lead to the employment 
of gold catalysts in fuel cells to eliminate traces of electrode-poisoning CO  
from hydrogen-rich mixtures produced by steam reforming of alkanes or 
CH3OH. They could also be relevant to gas sensors and low temperature 
start-up automobile catalysts. Industrial applications are likely to grow 
significantly over the coming years as the technology develops further [65,75]. 
In addition to improvements in heterogeneous catalysis over the last five 
years Au has proved itself an effective homogeneous catalyst for the 
formation of C-C, C-O, C-N and C-S bonds [82].
1 . 9  C o n c l u s i o n
The increase in road transportation-derived air pollution has stimulated the 
need for innovative pollution control approaches around the world.
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2 . 0  I n t r o d u c t i o n
Solid-state heterogeneous catalysts are complex materials, derived from 
molecular or ionic precursors via several different procedures, with the aim to 
obtain a product with high activity, selectivity and stability, along with low 
toxicity, long lifespan, ease of regeneration and all at a reasonable cost [1-3].
A heterogeneous catalyst is a material characterised by [1]:
(i) the relative amounts of different active species, physical and/or 
chemical promoters, and supports
(ii) shape
(iii) size
(iv) pore size, volume and distribution
(v) surface area
In this work supported metal oxide catalysts were studied. These consisted of 
an active phase dispersed on a carrier. The catalytic reaction takes place 
largely at the surface of internal pores of the catalyst. Such catalysts are 
commonly employed in catalytic processes (e.g. automobile exhaust emission 
abatement, petroleum reforming and flue gas control and analysis [2,4]).
The preparation procedures can involve [1,3]:
(i) introduction of the metal precursor on the support via
impregnation or ion-exchange, precipitation and sol-gel
(ii) drying and calcinations
(iii) reduction
Impregnation: in this method, the solid support is contacted with a solution 
containing the precursor to the active phase, stirred, filtered, dried, calcined or 
reduced. Impregnation is the preferred deposition path for loadings lower than 
10% [1-3].
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Ion-exchange: in this method, advantage is taken of the materials commonly 
used as supports (i.e. Al20 3, S i0 2, T i0 2) to polarise and become surface 
charged once suspended in aqueous solution at specific pHs away from the 
point of zero charge (pzc). The charge is controlled via pH of the solution and 
replacement of an ion in an electrostatic interaction as shown in equations 
(2.1) acidic and (2.2) basic, below [1-3]:
M-OH + H+A' -------------------------------- ► M-OH2+ A- (2.1)
M-OH + OH' M-O' + H20  (2.2)
Precipitation:
Metal Salt Solution + Support  ► Metal hydroxide or
oxa|ate powder carbonate on support
nitrate particle
sulphate
Precipitation is the preferred deposition path for active phase loadings higher 
than 10-20%. In the procedure of co-precipitation, the solution contains the 
metal salt as well as a salt of a compound that will be converted into the 
support. While in deposition-precipitation, the solution contains only the metal 
salt into which the solid support is added [1-3].
Sol-gel: In this one-step method of preparation, metal organic precursors are 
hydrolysed through the addition of water. Polymerisation occurs, colloidal 
particles or micelles are formed, which increase in size until a metal oxide gel 
is formed [1-4].
In all the above methods, the catalytic properties of the heterogeneous 
catalysts are strongly influenced by each stage of the preparation and the 
quality of the raw materials. The experimental variable such as temperature, 
pressure, pH, time and concentration must be finely controlled [3].
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2 . 1  D e v e l o p m e n t  o f  K e g g i n  M e t h o d
One of the most common groups of minerals on Earth is clay. This has been 
utilised by man for over 25000 years, in the main it has been used to produce 
pottery and ceramics. So important and versatile are these materials, that 
hundreds of millions of tons of clays find uses in many different areas today. 
In addition to ceramics (i.e. building materials), clays are also used in paper 
coatings and fillings, oil drilling, foundry moulds and pharmaceuticals. 
Furthermore, clays can be used as adsorbents, catalysts or catalyst supports, 
ion exchangers, decolorizing agents and molecular sieve catalysts. A high 
resistance to wear/corrosion is one of the properties of ceramics that sets 
them apart from most metals/alloys which weaken rapidly at temperatures 
above 800°C. Ceramic materials retain their mechanical properties at such 
high temperatures and this thermal resistance has been put to good effect in a 
number of applications. Advanced ceramics are used in capacitors, resistors, 
insulators, piezoelectrics, magnets, superconductors, and electrolytes. Such 
materials require a level of processing science and engineering far beyond 
that used in the production of conventional ceramics.
Clays can be broadly divided into two groups:
(i) Cationic clays; that have negatively charged alumino-silicate layers 
with cations in the interlayer space to balance the charge. These are 
common in nature and are usually prepared from the minerals.
(ii) Anionic clays; that have positively charged metal hydroxide layers 
with balancing anions and water molecules located interstitially. These 
are rarer in nature, but relatively simple and inexpensive to synthesize. 
[5-7].
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2 .1 .1  I n t r o d u c t i o n  t o  K e q q i n s
The potential of these clays for adsorption and catalysis is modified by 
pillaring (i.e. pillared clays (PILCs)). The framework of these substances is a 
swellable-layered silicate in which the layers are propped open by bulky 
polyhydroxy cations that occupy some of the ion-exchange positions of the 
clay (see Figure 2.1 below).
tet
oct
tet
Keggin
Pillars
tet
oct
tet
Figure 2.1 Pillared Clay
The removal of physisorbed water by mild heat treatment produces pillars, 
which (when dehydroxylated) leave behind a structure that is a relatively 
uniform, quasi-two-dimensional channel system with pore openings of 
molecular size. These materials are mostly acidic and so the system might 
appear to be suitable for cracking heavy oil residues, except for their limited 
thermal and hydrothermal stability of the pillared structure. The system, 
however, remains, the basis of a promising catalyst for the “Fine Chemical
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Industry” (e.g. in reactions where shape selectivity is needed and the reaction 
conditions are mild [8]).
Various reactions may take place in the channel system of these materials, 
depending on the chemical properties of the pillars. The most common active 
sites are electron-accepting Lewis and/or proton-donating Bronsted acid 
centres, due to the intrinsic properties of the clay applied. The most frequently 
used pillaring agents are the various types of polyhydroxy Al ions. Other 
functions, such as redox properties, can also be introduced, either by applying 
another pillaring agent (co-pillaring resulting in a mixed pillared substance) or 
isomorphous substitution of Al3+. The composition of the Keggin ion can be 
given as [AI04Ali2(0H)24(H20) i2]7+ where 12 aluminium ions of octahedral 
coordination surround the 13th Al3+ of tetrahedral coordination. It has been 
reported that both the tetrahedrally and the octahedrally coordinated 
aluminium may be replaced by other ions such as Fe3+, Au3+, Ce3\  La3+ and 
Tb3+ (see Figure 2.2 below):
Figure 2.2 Keggin Structure [(M3+)04Ali2(0H)24(H20) i2]7+
Both types of modification require ions capable of altering oxidation states and 
the two methods would produce materials with distinctly different properties. It 
has been claimed that ions of almost all elements have been introduced into 
both the tetrahedral and octahedral positions of the A li3-Keggin ion; but there 
is little clear-cut evidence for success [9,10]. However, direct confirmation is 
accumulating slowly for certain ions where isomorphous substitution has been 
proven [9]. It has been reported that the light off temperatures of NOx
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reduction can be reduced by the introduction of Al3+/Fe3+. With the addition of 
A u 3+ it was hoped that there would be a lowering of both CO oxidation and 
NOx reduction ‘light off’ temperatures [5,11-16].
2 . 1 , 2  P r e p a r a t i o n  o f  t h e  K e g g i n  I o n
2 .1 .2 .1  C o -p re c ip ita t io n  m e th o d  o f  F e 3+/Au3+ su b st itu te d  K e g g in  
ty p e  c a ta ly s ts
The following reagents were used in all Keggin preparations: NaOH  
(99.998%), FeCl3.6H20 (97%), HAuCI4.3H20  (99.9% AR grade from Sigma 
Aldrich) and AICI3 anhydrous (99% AR grade from Lancaster).
Following the procedure described by Oszko e t al [8] Au/Fe doped and 
undoped Keggin ions were synthesised and then supported on silica.
AICI3 + FeCI3.4H20  + HAuCI4.3H20  --------------------------------------
[(Au/Fe)04AI12(0H)24(H20)12]7+
1M NaOH solution was used for partial hydrolysis of 0.25M AICI3 solution for 
the preparation of the Ah3 Keggin ion. Solutions were investigated until a ratio 
OH':AI3+ = 2:1 was reached. The solutions were aged at 333 Kfor 16h.
The same procedure was also applied to the formation of doped Keggin by 
co-hydrolysis of 0.25M AICI3/FeCI3, AiC!3/HAuCI4 and AICi3/FeCI3/HAuCI4 
solutions. The A!:Fe/Au ratio was 12:1: at the same time the Fe:Au ratio was 
varied from 1:0 to 0:1.
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The dispersed Keggins were deposited onto Shell silica spheres (surface area
55.5 m2 g'1) with a 5% loading by impregnation, then were dried for 48 h at 
373 K.
2 .1 .2 .2  S o l -G e l  m e th o d  fo r  c a ta ly s ts  in w h ich  F e 3+/A u3+ su b st itu te d  
K e g g in  s p e c ie s  w e r e  in c o rp o ra te d
The method optimised by Sabine Roesch [17] for AI2O3 synthesis was 
followed, but was modified for the inclusion of the Keggin-type ion. SEM  
investigations show there was still a significant amount of NaCl present in the 
Keggin product (as seen in section 5.2.1.5, Figure 5.31). Therefore, syntheses 
using the above mentioned method and substitution of A I(N 03)3 and NH4OH 
for AICI3 and NaOH respectively were investigated. Three sol-gels where 
prepared
(i) pure alumina
(ii) alumina doped with the unsubstituted Keggin catalyst
(iii) alumina doped with the Au3+/Fe3+ substituted Al-Keggin type 
catalyst.
The following reagents were used in all preparations: aluminium-tri-butoxide 
(ASB 97%), 2-methylpentane-2,4-diol (99%), NaOH (99.998%), NH4OH 
(98%), FeCI3.6H20  (97%), HAuCI4.3H20  (99.9%), A !(N 03)3.9H20  (99% AR  
grade from Sigma Aldrich) and AICI3 (anhydrous 99% AR grade from 
Lancaster).
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The method used is shown schematically in Figure 2.3. Hence the method 
involved:
Figure 2.3 Route to Keggin doped sol-gel. Here the AI:MPD:Keggin was 
1:5:25
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Table 2.1 Compositions of Keggin-type catalysts used for catalytic testing
Co-precipitated Keggin-type 
catalysts
Substitution ratio Al3+ : M3+ 12 : 1
Fe3+ A u3+
KpOOOO 0.00 0.00
Kp1000 1.00 0.00
Kp2575 0.25 0.75
Kp5050 0.50 0.50
Kp7525 0.75 0.25
Kp0010 0.00 1.00
Sol-gel S i02/Keggin-type 
catalysts
Substitution ratio Al3+ : M3+ 12:1
Fe3+ A u3+
KsgOOOO 0.00 0.00
Ksg5050 0.50 0.50
Pure alumina
2 .1 .3  S u m m a r y  o f  K e g g i n  m e t h o d s
First, based on the method of Oszko e t al [8], a co-precipitation method was 
developed to produce a Keggin ion ([(Ai34) 04Ali2(OH)24(H20) i237+) that 
incorporated Au and Fe.
Second, based on the method of Roesch [17], a sol-gel method was 
developed to produce alumina Keggin materials. The sol-gel method proved 
to be very slow drying.
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2 . 2  D e v e l o p m e n t  o f  t h e  S p i n e l  M e t h o d
Spinels amount to twenty plus oxides that have very similar structures. This is 
an important group of minerals that includes ores of iron, chromium and lead; 
(e.g. magnetite, chromite and minium respectively). It also includes ores of 
manganese, iron and zinc; (e.g. franklinite).
The spinel structure has the form of AB20 4, and is viewed as a combination of 
the rock salt and zinc-blend structures (see Figure 2.4). The oxygen anions 
are in a face-centered cubic close packing. A and B cations occupy 
tetrahedral and octahedral interstitial sites. The Spinel structure can be 
divided into two types: normal and inverse. In normal spinels, divalent metal 
ions (such as Mg2+, Fe2+, Ni2+, Mn2+ and/or Zn2+) are in tetrahedral sites (but 
Pb4+ can also occupy this site) and the trivalent metal ions (such as Al3'", Fe3+, 
Cr3+ and/or Mn3+) are on octahedral sites (but Ti4+ and Pb2+ may also occupy 
this site). In inverse spinels, the divalent ions and half the trivalent ions are on 
octahedral sites, while the other half of the trivalent are on tetrahedral sites 
(i.e. B(AB)04). A common phenomenon shown in this group is something 
known as “solid solutioning”. This means that they may contain certain 
percentages of different ions in certain sites in any particular specimen [18-
20],
Figure 2.4 M2+M3+20 4 spinel structure
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2 .2 .1  S p i n e l s  a s  c a t a l y s t s  [2 1 -2 7 ]
Mixed metal oxides with the spinel structure are some of the most studied 
compounds in solid state sciences, due to their wide range of applications 
(e.g. magnetic materials, semiconductor, microwave devices, catalysts and 
pigments). These properties are dependent on the nature of cations, their 
charges and their distribution among tetrahedral and octahedral sites.
Catalytic oxidation reactions are not only important industrially, but are also of 
great interest in catalytic research. When the catalyst in question is a metal, 
the catalytic reaction occurs on the metal’s surface in an adsorbed layer, with 
the bulk of the metal not involved. This is very different from catalysis on a 
metal oxide where often the lattice oxygen is employed in the reaction. Figure
2.5 shows the Mars-van Krevelen mechanism.
Figure 2.5 Mars-van Krevelen mechanism for CO oxidation on a metal oxide 
[28], where ®  is an oxygen atom originating from the metal oxide bulk, O  is 
an oxygen atom originating from the CO and O is  a vacancy in the metal 
oxide bulk.
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Metal oxides can also be employed in reduction reactions. Once the metal 
oxide has been reduced via the loss of oxygen, this will in turn act as the 
catalyst in reduction via removal of an oxygen atom from say NOx.
It has been established by Jacobs [26] that, in spinels, catalytic activity is 
mostly due to the exposed octahedral cation sites in the crystallites.
Rapid loss of catalytic activity is common in metal oxides. It may be due to 
ageing or formation of coke over the catalyst surface. The spinel lattice 
imparts extra stability to the catalysts under various reaction conditions, so 
that these systems have sustained activities for longer periods. Ferrites have 
already been used as catalysts for some industrially important reactions such 
as oxidative dehydrogenation of butene to butadiene hydrodesulphurisation of 
petroleum crude, and treatment of automobile exhaust gas [22].
Various preparative techniques (e.g. sol-gel, microwave plasma, reverse 
micelles, co-precipitation, citrate precursor techniques and mechanical 
alloying) have been studied for the synthesis of stoichiometric and chemically 
pure spinel ferrite in a nanoparticulate form. Low temperature chemical co­
precipitation has been found to be a particularly economical route to 
homogeneous and fine ferrite powders with high surface area and good 
catalytic activity.
2 .2 .2  P r e p a r a t i o n  o f  t h e  S p i n e l  c a t a l y s t s
2 .2 .2 .1  U n s u p p o r t e d  C o xF e 3.x0 4/ y % A u  s p in e l-ty p e  c a ta ly s t s
The method that was previously optimised by Rajaram et al [29] was followed 
here and modified for the synthesis of unsupported oxide catalysts, 
CoxFe3.x04. The method was further modified to include a loading of % weight 
CoxFe3-x04/y%Au.
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CoCI2.6H20 +  FeCl2.4H20 + FeCI3.6H20  (+HAuCI4.3H20 )
COxFe3-x04 (+Au/ CoxFe3.x0 4)
The following reagents were used in ail these preparations: NaOH (99.998%), 
C0CI2.6H2O (98%), FeCI3.6H20  (97%), FeCI2.4H20  (99.99%), HAuCi4.3H20  
(99.9% AR grade from Sigma Aldrich), AICI3 anhydrous (99% AR grade from 
Lancaster) and de-aerated doubly de-ionised H20 .
6M NaOH was used for the co-precipitation of 0.1M CoCI3/FeCI3 or 0.1 
(CoCI3/FeCI3)/HAuCI4 solutions until a pH of 12.4 was achieved. The 
precipitate was vacuum filtered and washed with de-ionised H20  until the 
mother liquor had a neutral pH. A dark precipitate was collected and dried in 
an oven at 353 K for 16 h.
Co(OH)2, Fe(OH)2 and Fe(OH)3 at 298K have solubility products of 6.3x10"16, 
8.0x1 O'16 and 2.0x1 O'39 respectively, while Fe3+ begins to precipitate at pH 4. A  
pH of at least 10 is needed for the complete coprecipitation of Fe2+ and Co2+ 
(see Figures 2.6, 2.7 and 2.8). Hence a pH >12 is needed for the production 
of the cobalt ferrite [29].
Fe is slightly amphoteric. It exists as Fe2+ ions in cold dilute non-oxidising 
acids and as Fe3+ ions in stronger oxidising acids. At higher pH (see Figure 
2.6) the ions are rendered passive and precipitate out.
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-1.2
-1.6
10 12 14
p H
Figure 2.6 Pourbaix diagram for iron
Co resembles Fe, but is less reactive. It will only dissolve slowly in dilute acids 
and exists as Co2+ below pH of 5. Like Fe at higher pH (see Figure 2.7) the 
ions are rendered passive and precipitate out.
pH
Figure 2.7 Pourbaix diagram for cobalt
Au is well known to be an unreactive metal, unaffected by air and most 
reagents, only dissolving in a mixture of one part nitric acid with three of 
hydrochloric acid (aqua regia (because it dissolved gold, the King of Metals)), 
where it will exist as [AuCL]'. Again at higher pH (see Figure 2.8) these ions 
are rendered passive and precipitate out.
14.0
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Figure 2.8 Pourbaix diagram for gold
2 .2 .2 .2  F e c ra llo y  s u p p o r t e d  C o x F e 3.x0 4/y % A u  sp in e l ty p e  c a ta ly s t s
Catalytic activity of the above spinel-type catalysts was investigated (see 
Chapter 4.3), and the two most active were coated onto Fecralloy (Fe, Cr, Al 
alloy), which is a well known support for metal oxide catalysts [30].
Fecralloy, supplied by Blackthorn Environmental, was calcined at 1173K, 
1273K and 1373K for 16h. The surfaces of the samples were investigated by 
SEM and EDAX. It was seen that with increasing temperature of calcination 
the surface was roughened to an increasing degree.
The Fecralloy calcined at 1373K was dipped into the CoCb/FeCb suspension 
immediately after the 6M NaOH was added to the two metal ion solutions. It 
was then dried overnight at 368K. The dried Fecralloy was washed with de­
gassed water. It was then re-dried overnight. Some of the samples were 
recoated, dried and washed.
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Table 2.2 Compositions of spinel-type catalysts used for testing
Spinel-type Au/Fe-Co catalyst x y a t°7°
CoxFe3-x04
S0000 0.00 0.00
S1000 1.00 0.00
S1500 1.50 0.00
S2000 2.00 0.00
S3000 3.00 0.00
Au/CoxFe3.x0 4
S0010 0.00 1.00
S1010 1.00 1.00
S1505 1.50 0.50
S1510 1.50 1.00
S1520 1.50 2.00
S2010 2.00 1.00
S3010 3.00 1.00
2 .2 .3  S u m m a r y  o f  S p i n e l  m e t h o d s
Based on the method of Rajaram e t al [29], a co-precipitation method was 
developed to produce an Au-containing Co, Fe close-packed spinel structure 
of MgAI20 4. Haruta e t al, prepared Au supported on Fe20 3 and Co30 4 [31] via 
a similar co-precipitation method to give a 5 wt% loading. Here the loading of 
Au was 0.5, 1.0 and 2.0 wt%. Like this study, Haruta used HAuCI4, but a 
nitrate of the corresponding metal oxide supports.
When supporting the spinel-type catalysts onto the Fecralloy, difficulty was 
experienced due to the speed the solid precipitated out when NaOH was 
added. Hence, the addition of the NaOH and dipping of the Fecralloy would 
ideally need to be simultaneous.
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2 . 3  P r e p a r a t i o n  o f  C a t a l y s t s  f o r  i n v e s t i g a t i o n s  
i n t o  C a t a l y t i c  P o i s o n i n g
A traditional Fiat TW C contained within a stainless steel casing (from which it 
was cut) was used in these investigations. The catalyst contained Pt, Pd and 
Rh at approximately 2.5mg g"1 of catalyst [32].
The catalyst was cut into pieces of approximately 1cm3 in size. These pieces 
were then ground into a fine powder using an agate pestle and mortar. The 
powdered catalyst (15g) was allowed to dry in a conventional oven overnight 
at 100°C in air.
Samples of the ground catalyst were doped at levels of 5%w/w (using the 
calculation in Appendix A) with the salts in Table 2.3
Table 2.3 Doping Agents
Metal Salt* W t/(g) S o u rc e  O f S a lt
% purity  
by a s s a y
(CH3COO)2Zn.2H20 0.1403 Aldrich 99.0
P b(N 03)2 0.0799 Aldrich 99.0
K N 03 0.1293 Fisons 99.5
(CH3C 0 0 )2Mn.4H20 0.2230 BDH 99.0
CH3COONa 0.1784 Fisons 98.0
(CH3COO)2Pb.4H20 0.0915 BDH 99.0
*Chosen for their ease of decomposition.
1g of the powdered TW C was roughly titrated against absolute ethanol to 
determine the volume required for complete wetting without excess. This 
amount of ethanol was then mixed with one of the six metal salts and the 
solutions were in turn added to six separate 1g samples of the powdered
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TWC. The doped TW C samples were dried for 16h at 343K, after which 2ml of 
deionised water was added to each sample. It was then re-dried in the drying 
oven at 343K for another 16h. The dry samples were then calcined at 773K  
for 24h to decompose the nitrates and acetates. After cooling, the doped 
samples were retained individually in sealed containers for characterisation 
and catalytic studies.
2 . 4  P r e p a r a t i o n  o f  c a t a l y s t s  f o r  t h e  P l a t i n u m  
G r o u p  M e t a l  l o s s  i n v e s t i g a t i o n s
The aforementioned traditional Fiat TW C contained within a stainless steel 
casing (from which it was cut) was used during these investigations. The 
catalyst was cut into pieces of approximately 1cm3 In size, which were then 
ground into a fine powder using an agate pestle and mortar. The powdered 
catalyst (20 g) was allowed to dry in a conventional oven for 16 h at 373 K in 
air.
This prepared catalyst underwent catalytic investigations as described in 
Chapter 4.1.
2 .4 .1  A c i d  d i g e s t i o n  m e t h o d  o f  c a t a l y s t s
The open vessel method was used to digest the samples. The collected spent
catalyst samples were dried overnight at 383K. A sample (~0.1 g) of each was
weighed into a 50 cm3 polypropylene squat beaker and treated with one of the 
following acid mixtures:
•  10 cm3 H N 0 3 (Analar grade, 69%, BDH laboratory supplies)* 10 cm3 
HF (Analar grade, 40%, BDH laboratory supplies)
•  10 cm3 HF + 10 cm3 of aqua regia
•  20 cm3 of HF
• 20 cm3 of aqua regia
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The aqua regia was made from mixing concentrated HCI (Analar grade, 35%, 
BDH laboratory supplies) and H N 03 in a 3:1 ratio:
3HC! + H N 03 ------------------- ► NOCI + Cl2 + H20  (5)
Because of the instability of the acid mixture, it was made freshly each day 
and used once the deep orange colour of the NOCi had formed.
The vessels were heated over a hot water bath to incipient dryness when a 
further 10 cm3 of acid was added and again heated to incipient dryness. 1 cm3 
of aqua regia was added to dissolve the concentrate and then made up to 25 
cm3 with doubly de-ionised water in a volumetric flask. On inspection of the 
solid (which varied grey to light brown in colour) remaining after digestion, it 
was deemed that hydrofluoric acid digestion was the most efficient and 
therefore used for all samples in this investigation.
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3 . 0  I n t r o d u c t i o n  t o  t h e  C a t a l y t i c  R i g  a n d  
E x p e r i m e n t s
Over the past 35 years car exhaust streams have been catalytically purified 
[1]. Development of catalysts for this purpose begins in the laboratory, testing 
new materials on a rig [2-7] that uses a simulated car exhaust stream and 
allowing programming of
(i) gas phase composition at fixed temperature (T)
(ii) flow rate (u) and space velocity (V/u, where V  is the catalyst 
volume)
(iii) temperature of catalyst at a constant feed composition
(iv) catalyst composition
Such research then moves onto stationary engines and finally real vehicles.
These rigs are not themselves unique; all have some universal features with 
others. First they will use a complex gas stream, in this case composed of 
NOX/CO/CO2/C3H6/O2/N2, whose flow rates are known and defined by mass 
flow controllers that are in turn PC-controlled. They use a tubular furnace, 
which is programmable, with temperatures measured by thermocouple and 
data collected by a second PC. They analyse CO by IR, hydrocarbons by 
flame-ionisation and NO/NO2 by chemiluminescene [1]. Platinum group metal 
(PGM) emissions from exhaust catalysts are a growing concern [8,9] and here 
the author undertook trapping and measuring concentrations of particular 
PGM species. Equally concern has grown over the exact state of residual 
hydrocarbon species emitted from exhaust catalysts. To probe this as a 
function of conditions used, well defined gas chromatography (GC) or GC- 
mass spectrometry was needed [10,11]. The species of most concern are 
oxygenates alkenes, dienes and aromatics (see Table 3.1).
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Table 3.1 Non-methane hydrocarbons found in vehicle exhaust streams and 
surrounding atmospheres [11].
Species Concentration (ppb)”
C2H2 ethyne 174
C2H4 ethene 150
C3H6 propene 83
toluene 69
iso-pentane 60
benzene 45
• volumes per 109 volumes
The gas phase composition of an exhaust is generally defined in terms of a 
stoichiometric number
S = {2 [02]+[N0]}/{[C0]+10[C3H8]} [12].
The gas stream is net reducing when S<1, net oxidizing when S>1 and said to 
be stoichiometric when S=1.
Therefore a simulated car exhaust stream would typically be analysed by
(v) scanning of S at constant T
(vi) varying u, V  and V/u at constant S and T
(vii) scanning T at constant S
(viii) catalyst composition
Generally a light-off temperature (LOT, when for a particular sample activity is 
50% in CO and C3H6/C3H8 oxidation and NOx reduction) was ascertained
when looking at (iii) and (vii), as T is ramped at a constant and moderate rate
from say 443K to 823K [1]. Scans can be started at much lower temperatures 
when research is looking into cold-start conditions.
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Space velocity (V/u) in car exhausts are typically 60000h'1 (depending on 
driving conditions) [13]. Here 0.2g to 0.5g of catalyst was used in a gas flow of 
500 cm3 min"1; this corresponds to a GHSV of 60000 to 150000h"1.
The catalytic test rig used was originally built by Sabine Roesch [14], Tom 
Salvesen [15] and Patrick Forrest [16] and was then improved by the author. 
This rig is briefly described but the reader is directed to references [14-16]. 
The text here will concentrate to a large extent on the improvements made by 
the author.
The catalytic experiments described in this work, were carried out using the 
rig shown in Figure 3.1 below. This involved performing a series of 
temperature and isothermal-programmed catalytic runs On materials 
described in Chapter Two. Experiments examined conversion of the three 
primary pollutants (CO, propane and NOx) as a function of temperature.
Fig 3.1 Catalytic Rig, photograph taken from [16]
3 . 1  T h e  C a t a l y t i c  R i g
The catalytic rig designed [14-16], was used to simulate an automobile 
exhaust stream flowing at up to 500 cm3 min"1 (controlled by Brooks 8550S  
mass flow controllers [17]. It was constructed from stainless steel and Pyrex 
piping.
The following BOC gases were used throughout this study, without purification
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Table 3.2 Gases used [18].
Gas Purity 
grade %
Impurities
(ppm )'
21% 0 2/N2 100 350 ppm C 0 2, 3ppm HC
6% CO/N2
100% c o 2 99.98 1 ppm CO, 10 ppm HC
100% h 2 99.99 80 ppm N2, 5ppm 02,
1% n o /n 2
100% n2 99.99 8ppm 02,
1% Propane/N2
*vpm: volume parts per million
Table 3.3 Maximum percentage error exhibited by the mass-flow controllers.
Gas Max flow
(cm3 m in 1)
deviation
NO 250 ± 0.8 %
CO 100 ± 0.4 %
Propane 50 ± 0.5 %
Air 50 ± 0.9 %
N2 500 ± 0.6 %
Three computer systems were used on the rig: one controlling the MFCs, 
another to collect CO and NOx data (via a 16/32 bit picolog [19]) and a third to 
collect HC data.
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The stainless steel lines guided gases into a 238 cm3 stainless steel mixing 
chamber and then to the silica (m.pt. 2126K [20]).
Gas samples could be removed via two septa: one before and one after the 
reactor.
The catalyst was housed in a bulb (volume of «2cm3) at the approximate 
midpoint of the quartz reactor. For good heat transfer, the reactor’s diameter 
was limited to 0.6cm [21].
The catalytic reactor bed was heated using a Pyro-therm controlled with a 
Eurotherm 91 e controller. A type K-chromel-alumel thermocouple whose 
sensitivity was 41 pV/K [22] was used.
In 1822, an Estonian physician named Thomas Seebeck discovered 
(accidentally) that the junction between two metals generates a voltage which 
is a function of temperature. Thermocouples rely on this Seebeck effect. 
Although almost any two types of metal can be used to make a thermocouple, 
a number of standard types are used because they possess predictable 
output voltages and large temperature gradients. The Figure 3.2 below shows 
a K type thermocouple.
Nickel-Chromium
 — •
12.2mV
Nickel -  Aluminium
573K
Fig. 3.2 Type K Thermocouple
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Standard tables show the voltage produced by thermocouples at any given 
temperature, so for example a type K will produce 12.2mV at 573K [22].
An ice/slush trap was placed before the analysers to prevent hydrocarbon 
impurities from entering them.
The CO analyser [23] used here was a non-dispersive infra red analyzer 
(NDIR) (2143 cm'1 [24]) (model number 401, NDIR from Analysis Automation 
Limited). The Rotork 441 chemiluminescence analyser was employed for the 
analysis of NOx. Both were on-line. Since NDIR is not destructive it was first in 
line. Chemiluminescence is destructive and NOx analysis was placed after the 
NDIR CO analysis. Hydrocarbon analysis was performed by extraction of (100 
mm3) samples of the analyte stream and injecting this into a Perkin Elmer 
(model series 8500 GC) [25] with a flame ionization detector (FID) fitted with 
3%-carbowax 5m column (100/120 mesh) with an carrier gas-flow-rate of 40- 
50 cm3 min'1. The change in CO, NOx and HC concentrations during the 
reaction and the levels remaining were monitored as a function of gas 
composition (S), temperature (T) and the nature of the catalyst used. V
5  2 [ 0 2 ] +  [N O ]
[C O ] +10 [p ro p a n e ]
The CO analyzer was calibrated using 500 cm3 min"1 for Oppm CO and N2/CO  
up to 6000ppm CO.
The Rotork 441 N O /N 02 analyser detected and measured these through a 
chemiluminescent reaction [26] with ozone (03). 03 is generated in-situ in the 
pump assembly by reacting the 21% 02 present in air on charcoal cloth.
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Excess O3 reacted with the analyte gas stream to give NO2* that then
NO + Os  ► N02* + 0 2 (3.2)
N 0 2  ► N 0 2 + 0 2 + h v  (3.3)
N 0 2* + M   ► 0 2 + h v  (3.4)
decays to the ground state with photon emission. Therefore the concentration 
of NO can be determined from the intensity of the emitted light [26], i.e.
I  = Io [NO] [0 3] / [M] (3.5)
One of the advantages of using a FID detector in a GC for hydrocarbon 
analysis is its insensitivity to moisture, CO, C 0 2, CS2, S 0 2, NH3, N20 , NO, 
N 0 2, SiF4 and SiCI4. Thus, this detector is ideal for the analysis of wet 
organics or environmental pollutants released from fossil-fuelled sources. 
However, a disadvantage of the FID detector is its lower response to carbon 
attached to electronegative groups (e.g. carbonyl, thio analogs and ethers 
[25]). Thus, the FID detector was ideal for analysing simple hydrocarbons.
A water trap designed for PGM loss investigations was half filled with doubly 
de-ionised water (H20) then attached after the exit of the reactor (see Figure
3.3 below). This was used to trap any PGM present in the exhaust gas flow 
and as a precautionary measure to prevent any impurities or gaseous oxides 
that formed from being carried into the analysers.
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Gas
Out
Gas in from reactor exit
Figure 3.3 Exhaust exit water trap
After the catalytic run had been completed, the spent catalyst samples were 
collected and stored for acid digestion and subsequent ICP-MS analysis. The 
water from the trap was also collected and stored for ICP-MS and TEM  
analysis.
3 . 2  C a l i b r a t i o n  o f  t h e  R i g
Periodic calibrations were carried out to check the accuracy, response, etc. of 
MFCs, analysers and thermocouples. MFC were checked against a bubble 
flow meter (± 5 cm3 min'1).
Blank runs were performed periodically to show there was no activity when an 
empty reactor was used.
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The CO and NOx analysers were calibrated (see Appendix B) and the CO 
analyzer zeroed with N2 (500 cm3 min'1). Adjustments were made for signal 
drift before and after switching to the analysis mode allowing more than 20 
min for the output signals to stabilise.
The GC was calibrated using repeat sets of varying gas volumes against 
relative peak area, until a linear relationship was obtained (see Appendix B)
3 . 3  C a t a l y t i c  M e t h o d
Samples of powdered catalysts (~200-mg) were collected and placed in the 
6mm silica reactor.
The stainless steel couplings and glass fittings then connected the reactor to 
the rig via water (H20), hydrocarbons (HC) or platinum group metal (PGM) 
traps (i.e. dependent on the experiment to be attempted) that were attached 
after the reactor.
The PC systems were booted up and the gas flows switched on. The reactant 
stream selected from the Excel macros was “Stoichiometric". The catalytic 
rig was set to the bypass mode. The analysers were calibrated. When all 
outputs had stabilized, the rig was switched to the analysis mode. Once the 
system had restabilised, temperature programmed experiments (TPE) were 
started at 10 K min'1. The TPE were all run until all three pollutant gases 
were entirely converted or a specified temperature (up to 1000K) had been 
reached. The CO and NOx data were collected automatically while the HC 
(with average retention time of 11 seconds) analysis was undertaken 
manually with 100 mm3 injections.
For the PGM loss experiments the following changes were made to the above 
method: when the maximum temperature had been reached the furnace and
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rig was held at constant flow rate and temperature for 10 min. When ambient 
temperature was investigated the reactor was held at ~296K for 20 min with 
constant flow rate. As stated earlier, after the catalytic run had been 
completed, the spent catalyst samples were collected and stored for acid 
digestion and subsequent ICP-MS analysis (as described in chapter 5). The 
water from the trap was also collected and stored for ICP-MS and 
transmission electron microscopy (TEM) analysis.
3 . 4  S u m m a r y
The rig was of some age, but performed well in the experiments described in 
this thesis.
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4 . 0  I n t r o d u c t i o n
The growth and development of catalyst characterisation techniques over the 
last 50 years has been phenomenal. This is shown in the enormous growth of 
catalysis papers, published journals and presentations at specialist
conferences.
This growth can be attributed to various factors:
(i) the need to have better optimisation of known 
catalysts/processes or new catalysts/catalytic properties
(ii) the emergence of more powerful versions of already well known 
techniques have been made available by computer and 
technological development (FT-IR, FT-Raman, BET) or 
techniques that are being newly utilised by catalysis [1 ]
Table 4.1 Schematic grouping of characterisation techniques on the basis of 
properties to be investigated [2 ]
Surface Area
vapour adsorption at low temperature 
Porosity
_ vapour adsorption at low temperature
M o r p h o lo g y  Hg Porosimetry
incipient wetness 
Transport Characteristics
Permeametry
counterdiffusion
S u r f a c e
Elemental Short Range Surface
Composition Structure Reactivity
XPS, AES, SiMS XPS
Adsorption (static volumetric, 
gravimetric, dynamic) calorimetry, IR, 
Raman. UV-Vis, XAFS, temperature 
program methods (TPD, TPD-MS, 
TPD-IR, TPSR)
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Elemental Nature of Short Range Bulk
Composition Compounds Structure Reactivity
B u lk
Methods of 
elemental 
analysis 
(XRF, AAS, 
ICP-MS)
XRD, Raman, 
IR, DSC, TG, 
DTA, TPR, 
TPO, TEM, 
EPMA
IR, Raman, 
UV-Vis, 
XAFS, NMR, 
EPR,
Mossbauer
XRD, UV-Vis, 
TGA, DTA, 
DSC, TPR, 
TPO
Size Distribution
sieving
microscopy (SEM, TEM) 
sedimentation 
resistive pulse
T e c h n o lo g y  light obscuration
Fraunhoper diffraction 
Mechanical Resistance 
crushing strength 
bulk crushing strength 
attrition resistance test
4 .1  A d s o r p t i o n
Adsorption is the formation of a layer of gas, liquid or solid on the surface of a 
solid or, less frequently, of a liquid [3]
The interface between the two phases of a heterogeneous catalyst (its 
surface) is a critical region to examine and characterise. Surface properties 
differ from bulk properties because the surface has low coordination sites. 
These atoms/ions have unsatisfied valencies making them very reactive.
4 .1 .1  P h v s i s o r p t io n  a n d  C h e m is o r p t io n  [4,5]
Molecules or atoms can adsorb onto a surface in two ways: physisorption 
(physical adsorption) and chemisorption (chemical adsorption). The adsorbate
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is defined as the gas that adsorbs on a solid surface, whilst the adsorbent 
describes the solid material on which the adsorption occurs.
Physisorption is a weak adsorption of an adsorbate onto an adsorbent close 
to the adsorbate boiling point. In physisorption the formation of long range van 
der Waals or dispersion forces are involved. The energy released in 
physisorption is of the same order of magnitude as that for adsorbate 
condensation. Hence -AHphysadsn ~ -AH|iquefaction. Such a small amount of energy 
can be absorbed as a vibration of the adsorbent lattice and dissipated 
thermally. The absorbate moving across the surface will gradually lose its 
energy and finally adsorb in a process called accommodation. The enthalpy 
for this process is relatively small (i.e. -AHflH® 50kJ/mo0. This small enthalpy 
change is insufficient to lead to bond breaking. Therefore the adsorbate 
retains its identity, although it will be perturbed, especially in micropores (< 
2nm diameter). As no chemical bonds are formed between the adsorbate and 
adsorbent, multilayer physical adsorption occurs and the gas behaves in a 
fluid-like manner. This process is useful for determining the surface areas and 
porosity of solids, as the gas can effectively fill all surface pores in a process 
called capillary condensation. Desorption from a porous adsorbent can involve 
hysteresis.
Chemisorption takes place at temperatures greater than the adsorbates 
boiling point and involves an actual change in electron density. The adsorbate 
forms a chemical bond (usually covalent) between itself and a surface atom
(*)•
CO + *
CO + 2*
o=c=*
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Alternatively, the adsorbate may dissociate homolytically and adsorb as atoms 
or fragments.
 *■ 2D  -D2 + 2* *
Finally the adsorbate may dissociate heterolytically (especially on an oxide) 
e.g.
5_Ot  j8+
t 2o  + f l  O2" ]*! o2'
Certainly the adsorbate may be torn apart in chemisorption due to the 
demands of the unsatisfied valencies of the surfaces atoms or ion. Therefore 
multilayer chemical adsorption is not possible, as the adsorbate does not 
retain its own character. The enthalpy of chemisorption is much larger than 
that of physisorption (-AHChemsn > 50kJ mol'1), as shown in Figure 4.1. The 
activation energy of chemisorption (Ec) is given by:
Ec = -RT In (kc/sZ) (4.1)
where R the gas constant, T the temperature, kc the rate coefficient, s is the 
sticking probability and Z is the number of surface-collisions per area per unit 
time (cm"2s'1). Figure 4.1 suggests that the minimum energy route for the 
adsorbate as it approaches the surface is (i) physical adsorption and (ii) then 
chemical adsorption. This is exactly what happens. The system is in a state of 
dynamic equilibrium. Generally molecular adsorption prevails at low 
temperatures, whereas as the temperature is increased at constant pressure 
intermolecular forces are overcome. Under ambient conditions, group VIII to X 
metals are known to dissociatively adsorb 0 2, NO, and H2 and molecularly 
adsorb CO, but not adsorb C 0 2 and N2 significantly.
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Figure 4.1 Model potential energy curve for interactions between a surface 
and atom/molecule as a function of the distance of the adsorbate from the 
surface [6 ].
For chemisorption on metals one unpaired directional d-electron may be 
available in the absorbent, with an appropriate energy for electron sharing 
with the adsorbate highest occupied molecular orbitals (HOMOs) or lowest 
occupied molecular orbitals (LUMOs). The activity of a catalyst depends (at 
least in reactions obeying the Langmuir -  Hinshelwood mechanisms) on the 
extents of chemisorption of reactants i.e. rate = k 0a.0b (where A and B are 
reactants). These vary with position in the Periodic Table (as a result of a 
variation in the d-orbital occupancy).
It has also been suggested that d-electrons are necessary to produce weakly 
held precursor states before the stronger bonds are developed. The 
availability of this precursor state may serve to lower the activation energy for 
adsorption to a favourably low value.
As mentioned above, chemisorption of a gas on an oxide is different from that 
on a metal (e.g. it can occur at the metal-cation or the oxygen-anion sites). 
This depends on the type of oxide. If the oxide is a p-type semiconductor it
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can lose electrons, taking on a higher cation oxidation state. If it is an n-type 
semiconductor it can take on further electrons taking on a lower cation 
oxidation state. Therefore depending on whether the adsorbate is reducing or 
oxidising In nature and the type of semiconductor, chemisorption takes place 
to varying degrees.
The Langmuir isotherm is often used to represent chemical adsorption. It 
makes three assumptions
1 . adsorption cannot proceed beyond monolayer coverage (i.e. coverage 
0 <  1)
2 . all sites are equivalent (i.e. one has a uniform surface)
3. the ability of a molecule to adsorb at a give site is independent of the 
occupation of neighbouring sites (i.e. the enthalpy of adsorption is 
constant with0 ).
The Langmuir equation for non dissociative adsorption can be represented as
n K .p
1 +
(4.2)
... ka rate constant for adsorption .
with K - - a = ---------------------------------- - -----  and
kd rate constant for desorption
n = number of molecules adsorbed
nm = number of adsorption sites available in the monolayer
p = adsorption equilibrium pressure
The Langmuir equation is different for dissociative adsorption
n K ll2.pxn
TL. 1+  K 1/2 „ l / 2
(4.3)
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A negative Gibbs free energy is required for spontaneous adsorption. 
Therefore AH-TAS is also negative. Thus TAS >AH. Hence S is negative 
Therefore AH < 0 and so adsorption is exothermic, in reality AHaCis varies with 
coverage (9) due to increased adsorbate - adsorbate interactions.
Generally the preliminary step for a catalytic reaction is chemisorption (4.4) 
ABgas ^ ABad ^ Aad + Bad (4-4)
Temperature, pressure and the nature of both adsorbent and adsorbate 
define the surface coverage (0) during adsorption.
4 .1 .2  S u r fa c e  A r e a  a n d  P o re  S iz e  D eterm ination
The BET method is often used to determine the surface areas and pore sizes 
of catalysts [7-11]. It was developed by Brunauner, Emmett and Teller in 1938 
[12,13]. This method assumes a Langmuir isotherm, but extends this to 
include terms to account for multi-layer adsorption.
Brunauer, Emmett and Teller (BET) based their work on the following 
assumptions
1. In all except the first layer, the heat of adsorption equals the molar heat 
of condensation
2. In all except the first layer, the evaporation -  condensation rates are 
identical
3. When the applied pressure equals the saturation vapour pressure of 
the adsorbate, condensation leads to the formation of a bulk liquid on 
the surface of the solid.
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The BET equation is given by
P 1 C~1 P IA — = ------+ ------ (4.5)
V ( p 0- p )  Vm.c Vm.c Po
with V m = monolayer volume
V volume adsorbed at pressure p
Po saturation vapour pressure
p adsorption equilibrium pressure
c = constant expressing adsorption energy
Brunauner, Deming and Teller defined the BDDT classification based on the 
six most important types of isotherm (see Figure 4.2)
p /p °
Figure 4.2 BDDT classifications of adsorption isotherms. The type I isotherm 
has the same form as the Langmuir isotherm.
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Capillary condensation in pores can produce the six types of isotherm in 
Figure 4.2 of say N2 physisorption at 77K. The different types of hysteresis 
loops can be assigned as follows
Type I monolayer adsorption or microporous material
Type II non-porous material
Type III non-porous material, weak gas -  solid interaction
Type IV mesoporous material, strong gas -  solid interaction
Type V meso or microporous materials, weak gas-solid interaction
Type VI stepped, mainly of theoretical interest
Pores in adsorbents are classified according to their width
micropores < 2 nm
mesopores 2nm -  50 nm
macropores > 50nm
A plot of pA/a(p0-p) versus p/p0 gives a straight line of slope (C-1)A/mC and a 
y-axis intercept of 1A/mC, from which Vm can be calculated. The surface area 
of a solid material can then be calculated using equation 4.6
Sbet = VmamN x 1 0 '2° (4.6)
where am is the cross-sectional area of a gas molecule and N is 6.023 x 1023 
The average molecular cross section on a N2 molecule is assumed to be 
0.1620 nm2 at 77K[12],
N2 surface adsorption was carried out using a Micrometries ASAP 2010 
instrument. A sample (~0.2g) was placed in a quartz burette, outgassed at 
423K and < 0.4 Pa for 16h to remove residual water vapour and volatile 
surface deposits. The burette was then cooled and backfilled with He. The 
outgassed weight of the sample was noted. The burette was allowed to 
equilibrate while immersed in liquid nitrogen following re-evacuation. N2 was 
admitted to the burette via a dosing chamber and once equilibrium was
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reached the pressure noted. The adsorption was continued until a relative 
pressure of 0.99 was achieved and then desorption was initiated. The 
instrument collected multiple adsorption points over the partial pressure range 
(0< p/po < 1) and used these to produce an adsorption isotherm [14].
4 .1 .3  D ifferentia l S c a n n in g  C a lo rim etry  (D S C )
DSC belongs to a group of physical methods of thermal analysis. It is used to 
determine the enthalpy changes in a sample under study. DSC can identify 
the following: transition temperatures, crystallisation temperatures, heat 
capacities, specific heats, decomposition temperatures, melt enthalpies, 
compatibility of blends and the degree of crystaliinity from the heat of fusion, 
heats of adsorption/desorption [15-17].
A Setaram DSC121 [18] was used in these studies; it works by comparing a 
reference pan with that to a pan containing the catalytic solid sample.
F ig u re  4.3 S chem atic  of DSC system
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The DSC technique involves recording the energy necessary to establish a 
zero temperature difference between a catalyst and a reference material 
against either time or temperature. A reference sample and the experimental 
sample are heated in parallel according to a linear temperature programme. 
The two heaters maintain the two samples at identical temperatures. The 
power supplied to the two heaters to achieve this is monitored and the 
difference between them plotted as a function of reference temperature, which 
translates as a recording of the specific heat as a function of temperature. As 
the reference temperature is increased or decreased and the experimental 
sample approaches a transition, the amount of heat required to maintain the 
temperature will be greater or less depending on whether the transition is 
endothermic or exothermic.
Using a reference catalyst for which the number of surface sites is known and 
the relationship between heat released and the number of molecules reacted, 
the energy change recorded can be converted into quantifiable values (mW/g) 
and then to an estimate of the number of active sites and turn over frequency 
of an unknown sample.
DSC systems only measure differences of energy against temperature, but in 
order to understand what is happening requires extra techniques, in this case 
RGA and gas detectors need to be used. Therefore, by attaching a GC or MS 
to the DSC stream, allows the gases emitted and mechanisms involved to be 
determined [19].
The accuracy of the DSC temperature was determined by recording the 
indium melting point (429.6 K) [20] in air. The performance of this machine 
showed that for each indium run, the melting point was always between 429 -  
434 K (i.e. within 5 K of the literature value).
The Setaram DSC121 was switched on, as was the interface and computer. 
Water coolant was introduced at moderate steady flow. A sample of a fine 
powdered catalyst (~20-70mg) was placed in a ceramic crucible. This and an 
empty ceramic crucible were placed in each of the two DSC tubes and sealed.
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Titration chemistry is a quantitative measure of the amount of one reagent 
(the titrant) consumed when it is added to the catalyst surface presaturated 
with the other reagent [21-23].
The catalyst was reduced under H2 while ramping to 673 K at a rate of 20 K 
min'1. The gas flow was switched to Ar for 5 min. The catalyst was then 
oxidized with 21% 0 2/N2 once the heat flow had returned to a stable baseline. 
Then the gas flow was again switched to Ar for 5 min. The catalyst was then 
titrated with CO. Once the heat flow had returned to a stable baseline the gas 
flow was again switched to Ar. The catalyst was tritrated once more firstly with 
0 2 followed with CO, flushing with Ar in between. Then the temperature was 
held at ~673.15 K throughout. The two major reactions are
0 2 (g) + 2H(g)  ► H20  (g) (9)
and CO (g) + O (g) 
0 2 (g ) + 0 2 (g)
C0 2 (g) + CO (g)
0 2  (Q) +  O  (g)
2 CO (g) + 0 2 (g)
The raw data were then imported into a spreadsheet with a graphical interface 
program Excel and the data plotted as a heat flow (mW) / wt (mg) versus t (s).
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4 . 2  N o n - A d s o r p t i o n  M e t h o d s  o f  C h a r a c t e r i s a t i o n
4 . 2 !  Inductively  C o u p le d  P la s m a  M a s s  S p ec tro m etry  
( I C P -M S )
4.2.1 .1  Introduction
Inductively coupled plasma mass spectrometry (ICP-MS) is a powerful 
technique for trace metal analysis due to its high sensitivity. It has the 
capability to analyse a wide range of elements in a variety of sample matrices. 
As most elements can be measured simultaneously, analyses are very rapid. 
The technique has applications in a wide variety of fields including 
environmental science, catalysis [24,25], geology, hydrology, metallurgy, 
biology, food science and medicine.
ICP-MS was developed in the mid 1980s as a successor to ICP flame 
spectroscopy. In ICP-MS, a plasma or gas consisting of ions, electrons and 
neutral particles is formed from Argon gas. The plasma is used to atomize and 
ionize the elements in a sample. The resulting ions are then passed through a 
series of apertures (cones) into the high vacuum mass analyzer. The isotopes 
of the elements are identified by their mass-to-charge ratio (m/z) and the 
intensity of a specific peak in the mass spectrum is proportional to the amount 
of that isotope (element) in the original sample. Approximately 50 elements 
can be analysed simultaneously with an in-run precision of 1-5%. The use of 
an auto sampler allows 50-100 matrices to be analysed per day, depending 
on sample type. The volume of the sample solution required is small (a few 
cm3). ICP-MS is a highly sensitive technique and detection limits much lower 
that those of alternative techniques can be obtained.
Table 4.2 gives an indication of typical ICP-MS detection limits in solution for 
elements routinely analysed.
Chapter Four - Methods of Characterisation
Table 4.2 Typical elemental detection limits for ICP-MS
ELEMENT
Detection Limits 
(ppt)*
Re, Y, Th, U, Cs, Bi, Zr, Hf < 1 0
Ag, Be, Cd, Ga, Rb, Sn, Sb, Ta, Nb, Tl, Au, 
PGM
10-50
Ba, Pb, Sc, Sr, Co, Ge, W, Mo, Mg 50-100
V, Cr, Cu, Mn 1 0 0 -2 0 0
Zn, As, Ti 400-500
Li, P 1-3 ppb
Ca < 2 0  ppb
*ppt = parts per trillion
Platinum analysis by Q-ICP-MS can be complicated by the presence of 
hafnium (Hf), which can be found in a catalyst monolith. Hf oxide forms 
polyatomic ion for all but one of the platinum isotopes, 198Pt\ that is in very 
low abundance (7.2%) and so is therefore unsuitable for low level Pt 
determination.
4 .2 .1 .2  Instrum entation
For these investigations a Finnigan MAT SOLA Q-ICP-MS (Finnigan Corp., 
Bremen, Germany fitted with a V-groove nebuliser) was used. Figure 4.4 
shows the instrumentation in situ. A schematic is shown in Figure 4.5.
Figure 4.4 Finnigan MAT SOLA Q-ICP-MS
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A quadrupole ICP-MS can be described as having six main components:
• the sample introduction system,
• the inductively coupled plasma,
• the sampling interface,
• the ion beam focusing unit,
• the quadrupole mass spectrometer, and
• the data acquisition system.
The sample is introduced as an aerosol in a stream of gaseous argon to the 
centre of the plasma. It is generally desolvated, vaporised and ionised before 
a very small portion is extracted through differentially pressurised stages into 
the vacuum system. The positively charged elemental ions are then separated 
according to their mass-to-charge ratio (m/z) by a quadrupole mass analyser. 
Due its high ionisation energy (15.75 eV) argon plasmas are very powerful 
ionisation sources. Helium, fluorine and neon are the only three elements not 
normally detected using an argon plasma. The degree of ionisation for 
platinum in an argon plasma has been reported to be 63%, which is lower 
than ideal.
Ion detector
MS
interface
Figure 4.5 Schematic of Q-ICP-MS [26]
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4.2.1.2.1 Sample introduction
The Ar ICP can accept wet or dry samples. Such solutions can be aspirated 
into the system. So can dry laser-generated samples. In the case of solutions, 
these are normally aspirated into the Ar gas stream using a nebuliser. The 
most common introduction technique is pneumatic nebulisation (PN), which 
was used in this work.
Combining the sample solution with a high velocity gas stream facilitates the 
formation of fine droplets. These are introduced at a constant rate by means 
of a peristaltic pump. The aerosol of droplets (a 100 pm) are transported 
towards the plasma. Those droplets -10 pm in size reach the plasma, while 
the spray chamber removes the larger droplets. The transport efficiency is in 
the order of 1% for this type of nebuliser. The spray chamber is located 
between the nebuliser and the torch of the ICP. It is normally made from 
quartz and has a coolant jacket surrounding it. As the gas flow carrying the 
aerosol enters the spray chamber, it undergoes a sharp change in direction, 
which only the smaller droplets can follow. Therefore larger droplets are lost 
as they strike the walls then run to the waste.
4.2.1.2.2 The inductively coupled plasma (ICP)
The source of ionisation used in ICP-MS is the inductively coupled plasma 
(ICP: as shown in Figure 4.6), which is a combination of an argon plasma and 
an electrodeless discharge of gas. This is maintained at 8000 K by a radio 
frequency (RF) field, which is inductively coupled to the plasma by way of the 
load coil.
The RF current supplied from the generator produces a magnetic field, which 
varies in time at the generator frequency. A spark from a Tesla coil is 
employed to initiate the discharge by providing free electrons to couple with 
the magnetic field. The electrons in the plasma precess around the magnetic 
field lines in circular orbitals. Hence, the electrical energy supplied to the coil
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is converted into kinetic energy for the electrons. When the system is at 
atmospheric pressure, the free electron path before collision with an Ar atom 
(to which the energy is transferred) is in the order of only 1 pm.
As a result the plasma is heated and its characteristic bright discharge is 
formed. As the injector gas punches through the centre of the plasma, it 
carries most of the sample aerosol. Therefore, little of the aerosol appears in 
the annular part of the plasma. It is through radiation and conduction that the 
central area of the plasma is heated to between 5000 - 7000 K whilst the 
induction region maintains a temperature as high as 10 000 K (which should 
be related to that at the surface of sun: 6000K). As these two areas are quite 
distinct from each other, the chemical composition of the aerosol can vary 
considerably, whilst having little effect on the electrical processes that sustain 
the plasma.
Emission region
1
Plasma
Induction coils Magnetic field
Quartz tubes
Argon tangential 
flow
Sample flow
Figure 4.6 The inductively-coupled plasma [26]
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4.2.1.2.3 Plasma gases
Nearly all ICP-MS instruments use argon as the plasma gas. Other gases 
have been utilised, particularly for the analysis of elements such as selenium, 
arsenic and bromine; all of which are hampered by argon-based polyatomic 
interferences.
4.2.1.2.4 The torch
The most widely used torch is based on the Scott-Fassel design (see Figure 
4.7). The outer tube in the region of 0.1m long with an internal diameter of 18 
mm and inside of this, two concentric tubes of 13 and 1.5 mm internal 
diameter, each finishing short of the torch mouth. The annular regions formed 
by each of these tubes come from a tangential gas supply, which results in a 
vorticular flow. The central tube, or injector, introduces the sample aerosol into 
the centre of the plasma. The outer gas flow, or coolant, serves as a support 
for the plasma by enabling it to maintain its shape and also to cool the tube 
walls. The other gas flow, or intermediate, keeps the tip of the injector cool 
and prevents melting. The flow through the injector carrying the sample 
aerosol, known as the nebuliser gas, is of sufficient velocity to punch a hole 
right through the centre of the plasma.
Sample Injector
Nebuliser 
Gas In
t
Coolant Intermediate 
Gas In Gas In
Figure 4.7 Scott-Fassel torch [27]
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4.2.1.1.5 RF coupling
The load coil and plasma supply a low electrical impedance to the RF 
generator, which provides them with energy. To exclude mismatches that 
have the capacity to produce high potentials from the reflected power and to 
provide efficient energy transfer, it is crucial that the generator sees a 
matched load at the end of the coupling line to the load coil. In order to 
maintain a plasma power at 0.75 - 2.0 kW, the reflected power should be kept 
to a few watts.
4.2.1.2.6 The sampling interface
An interface comprising of a system of cones was devised to extract the ion 
beam through to the quadrupole mass analyser (operating at 1 mPa and room 
temperature). After formation of the plasma, a portion of the ion beam is 
transported to the mass spectrometer through the interface as shown in 
Figure 4.8.
The sampling cone is the first to be encountered by the ion beam as it leaves 
the plasma. It is situated approximately 14 mm from the end of the torch 
(known as the sampling depth) and a tip aperture of 1.1 mm. The second 
cone is the skimmer, located 8 mm behind the sampler cone with an aperture 
of 0.8 mm. A rotary pump evacuates the area between these cones to 
approximately 2 mPa.
A third cone, unique to the Finnigan SOLA machine is situated a further 8 mm 
behind the skimmer cone with a 1 mm aperture. By applying a negative 
charge to it, the ions passing through the skimmer can be focussed. A 
turbomolecular pump maintains a vacuum of around 1 mPa.
The sampler and skimmer cones are typically machined from Ni (used in this 
work, or occasionally Pt) for analysis in the 58-60 amu range.
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Accelerator Cone
Ph
Analyser
Turbo
Intermediate
Turbo RotaryPump
▼
Figure 4.8 The interface [27]
4.2.1.2.7 The vacuum system
To ensure a clear flight path, and therefore avoid deflection of the ion beam, 
the quadrupole needs to be held at approximately 4 mPa.
A rotary pump evacuates the area behind the sampling cone to enable the 
supersonic expansion of the sampled ion beam. Passing into the intermediate 
housing, a second more powerful turbomolecular pump evacuates the area 
prior to the ion lenses and analyser housing. A further turbomolecular pump 
maintains the high vacuum in the analyser housing with a smaller 
turbomolecular pump holding a higher vacuum in the collector housing where 
the electron multiplier is located. A second rotary pump backs up all three of 
these pumps. The relatively small orifices in each of the cones act as 
differential pumping apertures.
4.2.1.2.8 Ion beam focusing
The ions move into the mass analyser from the interface system. The number 
of ions carried through to the mass spectrometer must be maximised, to 
increase sensitivity. This is achieved through the use of electrostatic ion 
lenses, each of which consists of a number of electrodes with controllable
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potentials applied. These lenses are positioned in such a way that (by varying 
the potentials on each of them) it is possible to steer the ion beam from the 
interface to the mass spectrometer.
4.2.1.2.9 Data acquisition
Ions emerging from the quadrupole are detected by one of two systems: the 
Channeltron electron multiplier or a Faraday cup, depending on the intensity 
of the emerging ion beam.
The Channelton electron multiplier consists of an open glass tube with a cone 
at one end, which is off-axis to the mass spectrometer for maximum 
sensitivity. The interior surface is coated with lead oxide (PbOx), which has 
semi-conducting properties. This coating has a high negative potential applied 
to one end (~ -3 kV), whilst the other end is connected to earth. Throughout 
the tube, the resistance varies and therefore, when a potential is applied 
across the tube, there is a continuous gradient of potential within the tube. 
When a positive ion leaves the mass analyser, it is attracted to the high 
negative potential at the entrance of the cone. It then hits the interior surface 
of the cone and a secondary electron is emitted.
Amplifier and Descriminator 
for ion counting
Figure 4.9 The collector system [27]
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Since there is a varying potential inside the tube, the secondary electrons 
move further into the tube closer to ground. Each time they hit the surface 
further secondary electrons are emitted. This is shown in Figure 5.10. There 
can be a discrete pulse of up to 1 0 8 electrons at the collector as a direct result 
of one ion entering the cone.
Inns, frnrvi 
Masa Analyser
Figure 4.10 Channeltron electron multiplier [27]
The CEM must be kept under vacuum, typically 6 .6  mPa, otherwise spurious 
discharge can occur within the detector chamber. Advantages of this detector 
include robustness, long life, high electrical gain and fast response, low 
background count rates and tolerance to gas pressures up to 1 mPa. 
Unfortunately, the CEM has a low tolerance to the high currents that can be 
generated by strong ion beams. For this reason, ion beams of >106 ions s"1 
should not be measured. A Faraday cup detector is employed for measuring 
high ion counts.
The Faraday cup is essentially a metallic plate, which is maintained at a high 
potential relative to the remainder of the instrument, which allows ions to be 
captured. As ions exit the mass analyser, they pass through a collimator slit 
and, in some instruments, through one or more suppresser grids or electrodes 
prior to striking the cup. The potential of the suppresser electrode ensures that 
any secondary ions that are emitted during bombardment of the cup by
To Prc-amplificr
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sample ions are returned to the cup. The current produced from these 
bombardments is converted to a potential, which is subsequently amplified 
and transmitted to the read-out device.
4.2.1.3 ICP-MS method
Optimal operating conditions determined by L.Dudding [27] were used here.
The instrument was left on stand-by 16h before use to facilitate the attainment 
of a vacuum. Once fired up the instrument was cleaned with a 5% HN03 
solution for 30 min before sample introduction. Then PGM (Pt, Rh and Pd) 
calibrations were performed using five standard solutions: 5, 50, 100, 200 and 
500 ppb of these metals in 5% aqua regia. The samples were introduced via 
the pneumatic nebuliser. A T-junction was used so that an internal standard 
could be run at all times alongside the author’s samples. This is because the 
ICP-MS signal drifted over time. By employing an internal standard of another 
element at a known concentration the signal drift could be corrected. Bismuth 
and indium were chosen for these investigations as they are not inherent in 
the sample matrix. They have similar m/e ratios and ionisation potentials to 
those of the PGMs of interest (Pt, Rh, and Pd). They also only have one and 
two isotopes respectively in high abundance. The instrument was washed with 
5% HNO3 between each sample.
A certified reference material was used to evaluate the accuracy of the results 
(National Institute of Standards and Technology standard reference material 
2557 Used Autocatalyst -  Monolith). This was digested along with (and using 
the same method as) the spent catalyst samples. It was then run in the same 
conditions on the Q-ICP-MS.
After u se  th e  instrum ent w as  again  c lean ed  with 5%  H N 03for 60 min.
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4 .2 .2  S c a n n in g  a n d  T ra n sm is s io n  E lectron  M ic ro sc o p y  
with E n e rg y  D isp e rs iv e  X -ra v  a n a ly s is  (S E M  a n d  T E M  -  
E D X )
SEM was used in these studies alongside EDX to investigate platinum loss 
from spent catalysts and in particular to establish whether or not there was still 
a uniform distribution of platinum etc. It was hoped that this would rule out the 
possibility of the high reactant gas flow simply blowing out a particular element 
from the finely ground catalyst. Transmission electron microscopy was used to 
look at one of the samples of water from the PGM trap (described in Chapter 
3) to determine if PGM particles were present (either in the zero oxidation 
state or more likely in a positive oxidation state). SEM-EDX was used again 
later in these studies to investigate the success of coating the catalyst on 
fecralloy.
4.2 .2 .1  S ca n n in g  e le c tro n  m ic ro sco p y  (w ith e lem en ta l a n a ly s is )
The scanning electron microscope was developed in the early 1950s. It 
facilitated examination of a great variety of specimens. SEM utilizes a finely 
focused electron beam scanned over the surface in order to ‘illuminate’ a 
sample (see Figure 4.11). Electrons ejected from or bounced off a surface are 
used to form an image, which is viewed on a cathode-ray tube in a monitor, or 
collected as a digital image file for later computer analysis and printing. The 
SEM is designed for direct study of the surfaces of solid objects down to a 
resolution of ~50nm and is widely used in characterisation of catalysts [16]. 
The SEM can produce an image that is a good representation of the three- 
dimensional sample, due to its great depth of focus. Further X-rays are 
emitted during electron bombardment. Since these X-rays are preferentially 
emitted at energies specific to the individual atoms comprising the surface of 
the sample, they can be used to determine the composition of the region 
imaged in a technique known as energy dispersive X-ray spectrometry (EDX).
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If the intensity of the X-rays emitted from a specific element is monitored as 
the electron beam is scanned, that gives rise to an X-ray map, which shows 
the variations in concentration of the chosen element [1 2 ].
Electron
Beam
Electron Gun
r - 4 H U V
" j
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M agnetic 
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Detector
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^^ E lectfon  
^ D etec to r
Figure 4.11 Schematic of a scanning electron microscope [28]
The ability to identify small particles and small domains in materials in the 
SEM is greatly enhanced by the common addition of an energy dispersive X- 
ray spectrometer (EDX). In the microscope, bombardment by the energetic 
electron beam induces the emission of X-rays at energies, which are
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characteristic of the elements present in the sample. These X-rays (when 
collected, sorted and counted) are presented as an EDX spectrum, where the 
presence of peaks indicates the presence of the associated element. In 
addition, the intensity of the peaks can be related to the concentration of the 
elements, so that quantitative elemental analysis is possible [1 2 ].
As the electron beam is stepped in an x-y array over the sample in the SEM, a 
digital image is formed from the electrons scattered by or emitted from the 
sample. Characteristic X-rays are generated by the atoms of each element 
present at each point. Collection and counting of the X-ray’s characteristic of a 
particular element provides an x-y array whose cells contain X-ray intensity 
values proportional to the concentration of the element. This is a digital image, 
but formed from X-ray intensity rather than electron intensity. It can be 
displayed/stored as an image file just as any other digital image [12]. A Hitachi 
3200N SEM and Oxford Instruments Link Pentafet 7021 EDX was used for 
these investigations.
4 .2 .2 .2  T ra n sm iss ion  e le c tro n  m ic ro sco p y
TEM can resolve features down to 1nm and allows the use of electron 
diffraction to characterise sample structure. Since electrons have to pass 
through the sample, the technique is limited to thin films. In TEM a very high 
energy electron beam impinges on a sample that is thin enough to be partially 
electron transparent, and the electron "shadow" of the sample is viewed and 
recorded either on film or by computer. TEM imaging allows magnifications up 
to 1 ,0 0 0 ,0 0 0  times, and very high-resolution imaging, with point to point 
resolution of better than 2 nm. Analytical techniques associated with the TEM 
include elemental analysis by measurement of X-rays emitted by the sample 
under electron bombardment, as in the SEM. In addition, the angle of 
electrons diffracted out from the beam by interaction with the sample can be 
recorded to determine the spatial arrangement of atoms in the sample [1 2 ]. 
For these investigations a Philips CM200 TEM was used. The water- 
dispersed sample was dropped onto a copper grid over filter paper and 
allowed to dry.
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4 .2 .3  27AI M a g ic  A n g le  S p in n in g  N u c le a r  M a g n e t ic  
R e s o n a n c e  (M A S -N M R )  [2 9 -3 1 ]
Nuclear Magnetic Resonance (NMR) is a phenomenon which occurs when 
the nuclei of certain atoms are immersed in a static magnetic field and 
exposed to a second oscillating magnetic field. Some nuclei experience this 
phenomenon, and others do not, dependent upon whether they possess a 
property called spin. The hydrogen nucleus 1H, has a spin of % and, since it is 
charged, acts as a magnet. When an external magnetic field is imposed on a 
hydrogen atom, its spin orients either parallel (a) or antiparallel (P) to it. The 
two orientations have different energies (a lower and p higher than the levels 
with no magnetic field) (see Figure 4.12 below).
Figure 4.12 Splitting of the energy levels for I = % in the presence of B0
NMR looks at the small change in the population of states of a nucleus in the 
presence of an external magnetic field (B0) and relates this to chemical shifts 
using an internal standard. In 1H NMR spectroscopy energy is required to 
transfer a hydrogen nucleus from the a state to the p state. The environment 
of the hydrogen atom can be determined using the energy gap as it is
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dependent on how much of the imposed magnetic field the nucleus feels, 
which is in turn dependent on how shielded the nucleus is by the surrounding 
electrons in the atom or molecule.
Most NMR studies are of the solution or liquid state. However solids can also 
be studied using a variation of the technique. MAS-NMR is commonly used to 
characterise catalysts or their supports [32] and was used in this work to 
examine the long-term order surrounding Al nucleus in Keggin materials. The 
target nucleus (27AI) is excited with radio frequency electromagnetic radiation, 
while being held in a strong magnetic field. The spectra are produced from the 
radiation emitted from the relaxing nuclei. 27AI, the only naturally occurring 
isotope of Al, is suitable for study by NMR as it has a non-zero spin (5/2). As 
is common with all NMR, 27AI produces broad spectra due to dipole-dipole 
interactions and chemical shift anisotropy. The latter is overcome by spinning 
the sample at an angle of 54.44° at high rotational speeds. The 27AI is a 
quadrupole nucleus and results in spectra with no fine structure that are 
difficult to interpret. The following assignations are generally possible,
A Bruker DRX-500 (1H resonant frequency 500 MHz) was used for these 
investigations.
4 .2 .4  X -ra v  P h o to e le c tro n  S p e c t ro s c o p y
XPS was developed in the mid 1960s by K. Siegbahn and his research group 
[33], The phenomenon is based on the photoelectric effect (outlined by 
Einstein in 1905). A photon of energy hv is used to eject electrons from a 
surface upon which photons impinge. For XPS, Al Ka (1486.6eV) or Mg Ka 
(1253.6eV) are often the photon energies of choice. The XPS technique is 
highly surface specific, due to the short escape depth of excited
0 - 1 0  ppm 
20 -  40 ppm 
60 -  80 ppm
6 coordinate Al 
5 coordinate Al 
4 coordinate Al
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photoelectrons from the solid. Photoelectrons are measured by the 
spectrometer according to their kinetic energy (Ek). The binding energy (EB), 
which is the energy required to remove an electron from its orbital, is unique 
to the element and a particular atomic orbital. Eb is calculated from the 
equation:
Ek = hv - Eb- <J> (4.7)
where ® is the work function, hv the incident photon energy, Ek the kinetic 
energy of the photoelectrons and EB the electron binding energy. Sample 
charge corrections were made to Cis at 284.6eV.
XPS peak areas can be used (with appropriate sensitivity factors) to 
determine the atomic composition of a material surface [9-11,34]. The shape 
of each peak and the binding energy is slightly altered by the chemical state of 
the emitting atom. Hence XPS can provide information on chemical bonding 
as well. The instrument used for these investigations was a Thermo VG 
Scientific Sigma Probe XPS. Samples were mounted on to a stainless steel 
stub using double-sided sticky tape, entered (via a fast entry air-lock) and 
sealed into the main chamber. The samples were irradiated with Al Ka X-rays 
(hv = 1486.6 eV) when a pressure of ,1.3 x 10'7 Pa was reached.
4 .2 .5  X -ra v  D iffraction  [7,9,16,17,34]
X-rays were discovered by the German physicist Roentegen in 1895 [12]. A 
relationship between wavelength (X) and optical resolution was later 
discovered by Abbe who suggested this could be used to look at structure on 
an atomic level.
The technique of X-ray diffraction is able to determine the precise atomic 
positions and therefore bond lengths and angles of atoms/ions within a single 
crystal. Because of the periodic nature of the internal structure, it is possible
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for crystals to act as a three-dimensional diffraction grating to photons of a 
suitable wavelength. Bragg noted that X-ray diffraction behaves like ‘reflection’ 
from the planes of atoms within the crystal and that only at specific 
orientations of the crystal with respect to the source and detector are X-rays 
‘reflected’ from these planes. It is not like reflection from a mirror, as this 
requires that the angle of incidence to equals the angle of reflection and is 
possible for all angles. With X-ray diffraction the reflection only occurs when 
conditions for constructive interference are fulfilled. The Bragg equation can 
be written as
n?i = 2dsin0 (4.8)
A parallel beam of monochromatic X-rays is incident on the crystal at an angle
(0) to the parallel planes within it. Rays will be scattered by atoms in the first 
parallel plane, as well as subsequent planes. For interference between these 
reflected rays to be constructive the difference in path length must be equal to 
an integral number, n, of wavelengths, X. The path difference into the crystal 
will be equal to the path difference out of the crystal, hence a factor of 2 .
A “Seifert- Rayflex" X-ray generator with copper Ka radiation, (wavelength
0.1540nm) was used to produce the X-ray beam at an accelerating voltage of 
40kV and an operating current of 30mA. The X-ray detector was used at 
115kV with a 10° to 70° 20 scan range. Scan times were 5 min in 0.15° steps.
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Figure 4.13 Diagram of a powder diffractometer.
The data was obtained in the form of a diffractogram, which is plot of peak 
intensities on the y-axis against 20 value (10° -  60°) on the x-axis. The signal 
height is representative of the counts per second, which is proportional to the 
diffracted intensity of X-rays. Using aluminium powder as a standard it is 
possible to compensate for line broadening effects and estimate the peak 
widths. The mean dimension ‘d’ of the crystallites within a powder can then be 
calculated using Scherrer’s equation (4.10)
P = (fS„2-b2)1'2 (4.9)
where p0 is the observed peak breadth and b is the breadth of the line 
produced by the aluminium powder. Using the calculated p values in 
Scherrer’s equation
KA,
d’ =   (4.10)
pcosO
(where p is the angular width at high maximum intensity (full maximum, half 
width), 0 is the angle at which p is measured (in radians) and K is the 
crystallite shape factor) crystallite sizes d’ could be deduced.
4 .2 .6  F ou rie r  T ra n s fo rm  In frared  (F T IR )
Infrared spectroscopy is an important characterisation technique, which is 
capable of identifying adsorbed species. IR identifies bonds and functional 
groups, each having its own unique absorbance in the IR spectrum. Gases 
such as CO and NO are able to adsorb onto metal oxides in various 
orientations (linear, bridged). Depending on the strength of the adsorbate 
surface bonds the individual IR absorption frequencies and wavenumber 
positions are shifted to varying degrees. Therefore IR adsorption frequencies 
of adsorbed gases are characteristic of the adsorption orientation.
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Unfortunately in these studies this technique was found to be of no use as the 
chosen catalysts fully converted a 6 % CO/N2 stream at ambient temperatures.
4 . 3  S u m m a r y
Each of the above techniques has been used to characterise heterogeneous 
catalysts, but all have their limitations. Thus BET can only assess catalysts of 
surface area > 10m2g' 1 [35], DSC cannot detect titration processes less that 
1mW [36], ICP-MS can have problems with interference effects [37], SEM- 
EDAX is limited to a resolution of 50nm and 1% metal [38], TEM finds it 
difficult to differentiate dense active phase and supports [39], MAS-NMR is 
relatively insensitive [40], XPS is not a bulk analyser of chemical composition 
[41], the threshold of XRD analysis is about 10% [35] and FTIR has selection 
rules that mean It cannot see all adsorbate species [42]. Hence the author 
has, in a traditional manner, used a combination of these characterisation 
methods. Together the author thought these would provide the clearest 
picture of the catalysts being studied.
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5 .1  C o m m e r c i a l  T W C  I n v e s t i g a t i o n s
5.1.1 C a ta ly t ic  p o i s o n in g
5.1.1.1 H C  and  C O  ox ida tion
Samples of the commercial TWC were poisoned as described in section 2.3. It 
is assumed that the dopant nitrates or acetates would decompose in 24h at 
7 7 3 K in air. Certainly Pb(OAc)2 decomposes at 473-553K and Pb(N03)2 at 
843K.
T  (K )
Figure 5.1 Effect of selected poisons on rates of HC oxidation as a function of 
temperature (~0.2g of catalyst was used in a flow of 500cm3 min"1 
stoichiometric gas mixture R=1.13)
The HC and CO conversions as a function of temperature are given in Figures
5.1 and 5.2 respectively. The data were processed into pseudo-Arrhenius 
plots, from which activation energies (Ea) of the oxidation reactions were 
deduced. 1-5% conversion range was chosen for all activation energy
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analysis of CO data; in each case this gave a good straight line; data at higher 
conversion were unreliable. For HC (propane) a different conversion window 
had to be chosen each time because of the periodicity of analysis, therefore 
errors in HC Ea are likely to be large. These activation energies are shown 
graphically in Figure 5.3 while the pseudo-Arrhenius plots can be found in the 
Appendices C and D. It is clearly seen that the CO oxidation has a lower Ea in 
all cases.
T  (K)
Figure 5.2 Effect of selected poisons on rates of CO oxidation as a function of 
temperature (~0.2g of catalyst was used in a flow of 500cm3 min' 1 
stoichiometric gas mixture R=1.13)
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Figure 5.3 Ea values for HC and CO oxidation over doped and undoped TWC 
samples
5 .1 .1 .2  D S C  c h a r a c t e r is a t io n
Differential Scanning Calorimetry has been used to determine the active 
surface area of heterogeneous catalysts through cyclic titrations (see section
4.1.3).
Previously it has been shown to estimate Pt surface areas from CO-02 
titration peak areas at temperatures above ambient [1 ].
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Time I s
Figure 5.4 A typical DSC plot for the 0 2/C0 titrations described in chapter 
4.1.3 at 673K over TWC-based catalysts
---------------  ----------------------
i i \\
/  4 Af 14 \ \nV \
j / f )\ \\\ A  . . ______________
1 /7 1 \\ \
/ I I 1 // J f  j f  v .t t r
/  /  J  /I r J a
/  / ^  / /  A  oX  X v .4
tls (normalised to max. of 1st CO peak)
 TW C EuroCat  Pb(OAc)2 — Zn(OAc)2 — NaOAc ----  KN03
Figure 5.5 Areas of the first peaks for CO titration of O at 673K over different 
TWC-based catalysts
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O)
E
t/s (normalised to max. of 2nd CO peak 
—  T W C — EuroCat—  Pb(OAc)2 —  Zn(OAc)2 _  NaOAc  KN° 3
Figure 5.6 Areas of second peaks for CO titration of O at 673K over TWC- 
based catalysts
A typical heat flow plot during O2/CO titration is shown in Figure 5.4 as a 
function of time. The data for all poisoned TWC’s were processed into an 
easily comparable format by normalising to the maximum of each peak. The 
1st and 2nd CO titrations of O at 673K normalised to the peak maximum are 
shown in Figures 5.5 and 5.6 respectively.
By determining the volume of CO (or 0 2) consumption during the titrations it is 
possible to calculate the active surface area. The TWC, poisoned TWCs and 
a standard (EuroPt-1[2-5]) were analysed and compared. This work was 
based on research by Langmuir in 1918 [6 ], who showed that both CO and 0 2 
titrations occurred both above and below 293K on unsupported Pt. The author 
chose the temperature and conditions for this study on observations by 
Luengo and Sermon [7,8] to facilitate both CO and 0 2 titration on the surface 
of Pt supported materials at 423K.
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Table 5.1 CO Chemisorption data by DSC 
*EuroPt-1 adsorbs ~180 pi CO g ' 1 catalyst [4]
Peak Mass of Active
Areas Catalyst Relative Active Area*Active
Area to EuroPt-1 site g '1
(mW) (mg) catalysts
EuroPt 222.63 50.30 1 0 0 1.08 x 1 0 20
TWC 48.83 74.40 15.80 1.58 x 1019
TWC / Pb(OAc)2 8.69 53.50 3.96 3.96 x1018
TWC Zn(OAc)2 33.46 90.80 8.99 8.99 x1018
TWC / NaOAc 94.40 73.30 3.14 3.14 x1019
TWC / KNO3 97.729 70.00 3.41 3.41 x1019
Table 5.2 Conversion rate of CO at 550K on MIRA rig
Rate
Catalyst/Poison Molecu|es s -i g-i
Catalyst
TWC 1.21x1020
TWC I Pb(OAc)2 3.52x1020
TWC Zn(OAc)2 2 .3 3 x1 020
TWC / NaOAc 3.69x1020
TWC/KNOa 2.07x1020
Table 5.3 Calculated active areas and turnover frequencies for CO oxidation
Rate Active Area* TOF
Catalyst/Poison
TWC
Molecules s '1 g ' 1 
catalyst
1 .2 1 x1 0 20
Active site g ' 1 
catalysts
1.58 x1019
molecules s' 
active site'1
7.64
TWC / Pb(OAc)2 3.52x1020 3.96 x 1018 81.98
TWC Zn(OAc)2 2.33x1020 8.99 x 1018 25.91
TWC / NaOAc 3.69x1020 3.14 x1019 11.74
TWC / KNO3 2.07x1020 3.41 x1019 6.07
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The number of active sites per gram of catalyst and the turnover frequencies 
per second per active site were determined as seen in Figures 5.7 and 5.8 
below. These were calculated by dividing column 1 by column 2 in Table 5.3.
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Figure 5.7 Number of active sites per gram of TWC and poisoned TWC
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Figure 5.8 Turnover frequencies of CO gas molecules converted per second 
per active site over TWC and poisoned TWC
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5 .1 .1 .3  X P S  ch arac ter isa tion
The surface concentrations and oxidation states of the dopant metals were 
determined using XPS spectra of the samples. Photoelectron spectra of each 
sample were recorded and relative areas of peaks allowed the surface 
composition of the sample to be determined. Integrated areas under peaks 
AI2s ( 1 18.25eV) and Ce3d5/2 (883.7eV) were calculated for each sample as well 
as those for Pb4f7/2 (138.3eV), K2p3/2 (292.7), Mn2p3/2 (641.7eV), Zn2p3/2 
(1021.4eV) and Nais (1070.8eV) for the relevant metal dopant. Al is the most 
abundant component of a TWC and was therefore chosen as a benchmark to 
ascertain relative concentrations of the dopant metals ([M]/[AI]) in the treated 
TWC samples, (see Figure 5.9). The original spectra are shown in Appendix
Table 5.4 Corrected binding energies (eV) for selected states of Pb, K, Mn, 
Na and Zn [9]
Pb 4 f7/2 K2P3/2 Mn2P3,2 Zn2P3,2 Nais
Pb°
PbO
Pb0 2
Pb(OAc)
Pb(OAc)2
136.2-7 
137.1 
136.9 
137.0
138.3-5
K°
KNOa
KCI
292.5-6
292.7
393.6
Mn° 638.6-8
MnO 641.0
Mn0 2 642.0-4
Mn20 3 641.4
Mn30 4 641.2
Zn° 1 0 2 1 .2
ZnO 1021.4-1022.2
Zn acac 1021.4
Na° 1070.8
Na20 1072.3
NaOAc 1070.8-1071.1
In Table 5.4 and 5.5 one can compare standard and observed binding 
energies. These data suggest the oxidation states of the poison metals are
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high and positive (although for K and Zn it is difficult to assign oxidation states 
accurately).
Table 5.5 Oxidation states of poison metals
Poison
Observed 
Binding Energy 
(eV)
Most likely 
metal Oxidation 
State
KN03 292.5 K+ (or K°)
Pb(OAc)2 138.5 Pb2*
Pb(N03)2 138.1 Pb2*
Mn(OAc)2 641.7 Mn2+
Zn(OAc)2 1021.7 Zn2+ (or Zn°)
NaOAc 1071.5 Na+
Dopant
Figure 5.9 Concentration of dopant metals in comparison with Al on the 
surface of treated TWC samples as deduced by XPS using radiation at 1486.6 
eV for Al Ka
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5 .1 .1 .4  D iscu ss ion
5.1.1.4.1 Dopant levels
When comparing dopant levels observed by XPS and dopant levels expected, 
it can be seen that Pb, Mn and Zn all showed a surface enrichment, while K 
and Na levels were lower than expected (see Figure 5.10). When compared 
with HC oxidation data there is a correlation in that the surface enriched 
metals all promoted HC oxidation over the TWC while the two with levels 
lower than normal poisoned.
M /AI
Expected
Figure 5.10 Comparison of expected and observed dopant levels 
5.1.1.4.2 Doping effects on HC oxidation
The oxidation of HC and CO over TWC’s doped with metals typically present 
in an LRP has produced a variety of effects on the catalytic activity of the 
samples investigated in this work.
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Figure 5.11 shows that the light off temperature (LOT, i.e. the temperature at 
which 50% conversion is reached), for HC oxidation varied between 665-935 
K for the various doped TWCs (i.e. that for undoped TWC ~ 821 K). A very 
unexpected result of doping the TWC with the various metals was that the 
LOT is decreased for Pb, Mn and Zn-doped TWC, although the points at 
which 1 0 0 % conversion is reached remains almost unchanged from that of 
the undoped TWC. This indicates that these dopants are promoting the 
oxidation of the HC at lower temperatures. This promotion, however is not 
seen with Na and K, but rather a poisoning which increases the LOT.
Table 5.6 Dopant LOT50 and Ea
Dopant LOTso (K) Ea (kJ mol'1)
k n o 3 934.68 243.58
NaOAc 924.28 535.56
Zn(OAc)2 787.02 61.14
Pb(N03)2 770.20 100.73
Mn(OAc)2 671.28 38.18
Pb(OAc)2 665.62 32.05
Ea kJ mol'1
Figure 5 .1 1  Plot showing correlation between dopant LOT5o and Ea
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Figure 5.11 shows there is a reasonable correlation over all dopants between 
LOT50 and Ea, except for Na (which is not shown) and Zn.
One might expect to find a rise in Ea for the TWC doped with poisons and a 
lowering by promoters. This however was not entirely the case. As the Ea of 
Pb(N0 3)2 and Zn(OAc)2 doped samples was unexpectedly higher than that of 
the undoped TWC, along with Na and K. The Ea of Pb(OAc)2 and Mn(OAc)2 
samples was lower than that of the undoped TWC, supporting the idea that 
they promote the ability of the TWC to oxidise HCs. Another important 
difference between dopants raising or lowering the LOTs is that
(i) there was a sharp HC conversion gradient for the poisoned TWC,
(ii) while for promoted TWC’s lowering the LOT there was a shallower 
increase in conversion as a function of temperature once, the 
reaction had been initiated.
Of course one would expect LOTs to decrease as activation energies 
decrease but Pb(OAc)2 caused greater promotion than Pb(N03)2 suggesting 
that the anion type can affect the reactivity or availability of the metal to the 
catalyst through the dispersion of the dopant. This could be because oxides 
produced by precursor decomposition (Pb(OAc)2 decomposes at 473K and 
Pb(N03) at 743K) then melt, decompose or volatilise in the temperature- 
programmed catalysis in Figure 5.1. For example Pb20 3 decomposes at 643K 
and Pb02 at 563K. Hence the catalysts could be changing during use.
XPS data offers an explanation. XPS shows a value for dopant/AI ratios (M/AI) 
which can be assumed to be the surface [M], as [Al] should be constant and 
uniform throughout the surface of the catalyst. This [M] data shows a trend 
such that Metal/OAc is more readily accepted by the catalyst than Metal/N03, 
with the exception being Pb(OAc)2, which is the second least abundant of the 
dopants introduced to the TWC surface.
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One way in which the catalytic oxidation of HCs by TWC’s is affected by 
dopants has been suggested to be through the acidity of the catalyst support 
material [1]. The pKa of the support can vary with the action of different 
dopants. Propane conversion is optimised when the support has a pKa value 
of -7 (Si doped support). Although Hammett indicators were not employed in 
this study to determine the acidity of the doped catalyst supports, trends in the 
Periodic Table would suggest that Pb additives would help to maximise the 
HCs oxidation activity of the catalyst, whereas the most poisonous effect 
would be exhibited by Na and K dopants. This suggestion is supported in this 
study by the recorded action of the Pb(OAc)2, Na and K dopants on the LOT 
(see Figure 5.1).
When the conversion data are considered with the knowledge that many car 
journeys are short and catalysts rarely reach high temperatures, one can 
postulate that the LRP additives Pb, Mn and Zn promote the catalytic 
oxidation of HC by TWC
5.1.1.4.3 Doping effect on CO oxidation
The effect of dopants on CO oxidation was quite different to that on HC 
oxidation. The LOT is again affected a great deal by doping, there are three 
dopants (i.e. Pb(N03)2, Mn(OAc)2 and NaOAc) that cause poisoning in this 
case. Figure 5.2 shows that catalytic promotion does not occur to a great 
extent, but that the poisoning effects of Mn and Na dopants are very large.
Mn and Na doped TWC appears to undergo a two-fold poisoning effect on CO 
oxidation which is initiated at ~ 630K, rather than 600K. This hindrance then 
proceeds to a lowering of CO conversion before an increase is observed at 
690K (Mn) and 830K (Na). The resulting LOT are ~240K and ~310K, 
respectively, greater than that of undoped TWC (~590K).
XPS values showed Na and Mn are in high surface concentrations and this 
could explain the poisoning behaviour. However, Zn is in a higher
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concentration than Mn, but according to the LOT, it acts as a catalytic 
promoter for the TWC catalysis of CO.
The Ea values of CO oxidation in the presence of TWC’s calculated from 
pseudo-Arrhenius plots showed that all of the dopants reduce the Ea, 
(suggesting that none acts really as a catalytic poisons).
Although Na and Mn are chemically disimilar, the percentage conversion plots 
for these compounds appear to follow the same pattern at similar 
temperatures. This suggests that a chemical or physical change in the 
composition, morphology or chemistry of the TWC catalyst occurs at 590K 
and that is in some way connected with the different dopants.
5.1.1.4.4 Doping effect on DSC
For O2/CO titration it is seen that all dopants poison and promote the TWC to 
differing degrees. For the first CO titration K, Pb and Na all have similar heat 
flows, promoting the TWC to a similar degree. Zn however slightly promotes 
the TWC. For the second titration, K and Na remain almost unchanged where 
as in Zn and Pb the heat flow has fallen significantly and both have become 
poisonous to the EuroPt Pt/Si02 and TWC.
5 .1 .1 .5  C on c lu s io n s
The results from this study lead the author to believe that the most powerful 
catalytic poison for a commercial automotive TWC is Na. This study has 
shown that a particular dopant may promote one reaction induced by the 
TWC but poison another. Miraei et al. reported on Na+ residue acting as a 
catalyst poison for ambient temperature CO oxidation over copper 
manganese oxide catalysts [1 0 ].
The author believes that a more quantitative method of assessing the 
promotional/poisoning effects of dopants must be employed. Studies should 
be carried out to determine the surface composition and dispersion of
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samples before and after use. Finally, the acidity of the catalyst supports 
should be recorded through techniques such as the use of Hammett 
indicators to observe the effect of support acidity on the oxidation state of the 
catalyst metal, and whether or not these factors affect the catalytic activity of 
TWC.
Ea
Figure 5.12 Compensation plot of In A versus Ea for CO oxidation over 
stoichiometric gas flow (R= 1.13)
Both compensation plots (Figures 5.12 and 5.13) of In A versus Ea for all the 
doped TWC and undoped TWC showed good linearity and so the mechanism 
of poisoning-promoting HC oxidation appears to have a common theme.
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Ea
Figure 5.13 Compensation plot of In A versus Ea for HC oxidation over 
stoichiometric gas flow (R=1.13)
5 .1 .2  P la t in u m  M e ta l L o s s
5.1.2 .1  IC P -M S  an a lys is
ICP-MS was applied as described in section 4.2.1.1. The digested catalysts, a 
blank sample and the SRM (see Table 5.7) were sampled (alongside internal 
reference 10ppm solutions of Bi and In to ensure accuracy). Results are 
shown in Figures 5.14 -  5.18.
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Figure 5.14 wt% PGMs determined by ICP-MS for a commercial three-way 
catalyst (TWC) and the standard reference material 2557 (used auto catalyst 
(monolith) (SRM)) [11]. Heated to different temperatures in a stoichiometric 
(R=4.84) exhaust stream flowing at 500 cm3 min' 1 for 1h
Table 5.7 Comparison of literature [11] values for metal content in Standard 
Reference Material 2557 with observed values
Certified metal Observed metal
concentrations(ppm) concentrations (ppm)
Pt 1131 ± 11 1131
Rd 135.1 ± 1.9 134
Pd 233.2 ± 1.9 231
Table 5.7 shows that the analysis procedure used here is accurate and 
reliable.
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Figure 5.15 wt% Pt determined by ICP-MS for a commercial three-way 
catalyst (TWC) and the SRM1 in the manner described in Figure 5.8
\  %  %> %  "X %  %  @
\  o \  \  \  \  \  \  \  \
%  *
Figure 5.16 wt% Rh determined by ICP-MS for a commercial TWC and the 
SRM1 in the manner described in Figure 5.8
149
Chapter Five - Results
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^  0.10%
3o
F ig u re  5 .1 7  w t%  Pd d e te rm in e d  by IC P -M S  for a  co m m erc ia l T W C  and  th e  
S R M 1  in th e  m a n n e r d escrib ed  in F ig u re  5 .8
N2
F ig u re  5 .1 8  A ctu a l P G M  p e rc e n ta g e  loss of tota l w e ig h t from  th e  co m m erc ia l 
T W C
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F igure  5 .1 3  sho w s th e  IC P -M S  d e te c te d  P G M  leve ls  in th e  co m m erc ia l T W C  
(in com pariso n  w ith th e  b lank  w h e n  no active  cata lys t w a s  p resen t). In the  
s u b s eq u e n t th re e  F ig u res  th e  leve ls  o f th e  th re e  ind ividual P G M  m eta ls  (P t, 
R h, and  P d ) in th e  c o m m erc ia l th re e -w a y  cata lys t a re  show n s e p a ra te ly  for  
clarity. F igure  5 .1 6  show s in a h is togram  form  th a t n e ith e r th e  Pt, Rh nor Pd  
leve ls  c h a n g e  s ign ificantly  in th e  co m m erc ia l ca ta lys t during tre a tm e n t in a  
sto ich iom etric  (o r N 2) fee d . A ltho u g h  if, as  o th ers  h a v e  s u g g e sted  [1 2 -1 8 ]  
th e re  a re  P G M  losses from  such ca ta lys ts  th e s e  a re  v ery  d ifficult to  d e te c t  
o ve r th e  short tim e  s ca les  used h ere  and  m a y  a lso  only  b e  a t e x tre m e  X 
va lu es .
T h e  s a m p le  o f w a te r  in th e  trap  (s e e  F ig u re  3 .3 )  co n ta in ed  e x tre m e ly  low, if 
any, P G M  con cen tra tio n s  and  th e re fo re  g a v e  no useful d a ta  for th e s e  
investigations.
5 . 1 . 2 . 2  S c a n n in g  e le c t r o n  m ic r o s c o p y  ( S E M )
S can n in g  e lec tron  m icro sco p y  (S E M ) an d  tran sm iss io n  e lec tro n  m icroscopy  
w e re  app lied  as  d escrib ed  in section  4 .2 .2 .
F ig u re  5 .1 9  S E M  o f th e  ground  co m m erc ia l T W C  th a t had b ee n  e xp o se d  to  
sto ich io m etric  g as  flo w  a t 1 1 7 3 K  fo r 1 h
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F ig u re  5 .2 0  A l m ap  o f th e  T W C  region show n in F igure  5 .1 9
F ig u re  5 .2 2  C e  m a p  o f th e  T W C  reg ion  show n in F igure  5 .1 9
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F ig u re  5 .2 3  P t m ap  o f th e  T W C  reg ion  show n in F igure  5 .1 9
F irs t, th e  m a jo r e le m e n ts  in th e  T W C , A l, S i, and  C e  a p p e a re d  to b e  uniform ly  
d istributed . S e c o n d . P G M s  (such  as  P t) w e re  in very  low  c o n cen tra tio n s  and  
w e re  not eas ily  m a p p e d  by S E M . It can  be s ee n  from  th e  S E M  an a lys is  th a t  
a n y  P G M  losses, from  th e  ca ta lys t a re  p robab ly  uniform  and  trivial.
5 . 1 . 2 . 3  T r a n s m is s io n  e le c t r o n  m ic r o s c o p y  ( T E M )
F ig u re  5 .2 4  T E M  im a g e  o f c a rb o n a c e o u s  m ateria l in w a te r  from  trap
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T E M  (s e e  F igure  5 .2 4 )  on ly re v e a le d  c a rb o n a c e o u s  p artic les  in th e  w a te r  trap  
fo llow ing th e  T W C  re a c to r a t 1 1 7 3 K  through  w h ich  th e  s to ich io m etric  fe e d  
flo w ed  a t 5 0 0 c m 3 m in '1. S u ch  m o ie ties  a re  im portant, but w e re  not re le v a n t to  
th e  p re se n t w ork.
5 . 1 . 2 . 4  D is c u s s io n
H e n c e  in th e  p re se n t s tudy  th e re  w a s  no e v id e n c e  o f P t, Pd , R h loss from  th e  
T W C  u n d er p re se n t s h o rt-tim e  s ca le  e xp erim e n ts  u n d er n e a r s to ich iom etric  
fe e d s .
5 . 1 . 2 . 4  C o n c lu s io n
D o p a n t m od ifica tions  o f T W C  a c tive  s ites  a re  (in th e  light o f p re se n t resu lts) 
m o re  im p o rtan t th a n  P G M  loss from  such cata lys ts  in sho rt te rm  e xp erim e n ts . 
H o w ev er, o ve r 1 0 0 ,0 0 0  m iles  u se  both m e ch a n ism s  m a y b e  im portant. If this  
w a s  not th e  c a s e  th e n  th e  o b serva tio n  o f P G M s  in th e  proportions re lev a n t to 
T W C s  in th e  e n v iro n m e n t [19 ] w ou ld  not h a v e  b ee n  m a d e .
5 . 2  K e g g i n  T y p e  C a t a l y s t s
5 . 2 . 1  P r e c i p i t a t e d  r A I O ^ A I o f O H W H j O L , ! 7 *
5 . 2 . 1 . 1  27A l S o lu t io n  n u c le a r  m a g n e t ic  r e s o n a n c e
T h e  coord ination  e n v iro n m e n t o f A l3+ solutions w ith vary ing  d e g re e s  o f OH"  
addition  w a s  e x a m in e d  by 27A I solution  N M R  spectro sco p y. T h e  N M R  s p e ctra  
(s e e  F ig u re  5 .2 5  b e lo w ) s h o w e d  re s o n a n c e s  corresp on d in g  to  both  
te tra h e d ra l A I0 4 (5 o f c a .+ 6 0  p p m ) an d  o c ta h e d ra l A I0 6 units (5 a t 
c a .+ 2 .5 )  ppm ).
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I
A I : O H
R atio s
I i I 1 : 1 . 7 5
I 1  A . A cri
I
1 . I.OU
L
I 1 : 1 . 2 5
I t 1 : 1 . 0 0
I 1 : 0 . 7 5
I 1 : 0 . 5 0
........................................................... _ 1 :0.25
140 ' To 100 00 60 40 20 0 To 1-1(1 o:o(r -GO -100 -120 -140 ppm
F ig u re  5 .2 5  27N M R  o f A IC I3 so lutions a t various  d e g re e s  o f hydrolysis
F ig u re  5 .2 5  c learly  s h o w s  a  d e c re a s e  in A l0 (~ 2 .5 p p m ) a lo n g s id e  an  in c rea se  
in A It  (~ 6 0 p p m ) w ith  in creas ing  O H /A I3+. By th e  tim e  an  A I:O H  ratio  o f 1 :1 .7 5  
is re ac h ed  th e  A lo  h as  d is a p p e a re d  com plete ly . T h e  tw o  solutions a t A I:O H  
ratios (1 :2  and  1 :2 .2 5 ) could not b e  a n a ly se d  as  th e y  had  p rec ip ita ted . T h is  is 
p rec ise ly  w h a t o n e  w ou ld  e x p e c t to s e e  during K egg in  fo rm atio n  w h ich  h as  a  
ratio o f 0 : T  12:1 .
S u b stitu ted  K eg g in s  w e re  p ro d u ced  a s  d escrib ed  in section  2 .1 .2 .1 .
5 . 2 . 1 . 2  T e m p e r a t u r e  p r o g r a m m e d  e x p e r im e n t s  o n  a d s o r b e d  
K e g g in - t y p e  c a t a ly s t
T h e  K eggin  ions (w ith  and  w ith o u t F e 3+ substitu tion) fo rm ed  as  show n in 
F ig u re  5 .2 5 , w e re  in troduced  onto  a  S i 0 2 support as  d es crib ed  in section  
2 .1 .2 .1 . in a  con cen tra tio n  o f 5 % . T h e s e  w e re  th en  e v a lu a te d  fo r activity  in C O  
an d  H C  (p ro p a n e ) ox idation .
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5 .2 .1 .2 .1  H C  o x id a t io n
600 650 700 750 800 850 900 950 1000 1050 1100
Tem p I K
F ig u re  5 .2 6  H C  oxidation  o v e r co m m erc ia l T W C  and  nove l K egg in  typ e  
cata lys t as  a  function  o f te m p e ra tu re  (~ 0 .2 g o f ca ta lys t w a s  used  in a  flo w  of 
5 0 0 c m 3 m in '1 s to ich iom etric  g as  m ixture  R = 1 .1 3 )
It w a s  s ee n  th a t substitu ted  [ M 0 4.M i2( 0 H ) 24.(H 20 ) i 2]7+ K egg in  ions, w h e re  M  
is A l3+, F e 3+ or a  m ix ture , on silica sup p o rt a re  c a p a b le  o f very  fav o u rab le  
te m p e ra tu re s  o f p ro p an e  oxidation  w h e n  c o m p ared  to th e  c o m m erc ia l F ia t 
th re e -w a y  cata lys t (s e e  F ig u re  5 .2 6 ). T h e  A l/F e  s am p le  w a s  th e  b est o f th e s e , 
w ith a  L O T  o f ~  8 7 0  K c o m p a re d  w ith  - 8 1 2  K for th e  c o m m erc ia l T W C .
5 .2 .1 .2 .2  C O  O x id atio n
It w a s  s e e n  th a t th e  C O  oxidation  activity  (F ig u re  5 .2 7 )  o f th e  s a m e  cata lysts  
w a s  not so fav o u rab le . T h e re  is a  s ign ificant d e c re a s e  in C O  con vers io n  o ve r  
th e  A l/T b  (an d  A l/C e  to a  le s s e r e x te n t) substitu ted  [A I0 4.A Ii2(O H )24.(H 20 ) i 2]7+ 
K eggin  ion cata lys ts  a t 9 5 0  K. T h is  could be d u e  to adso rp tion /deso rp tio n  or a 
b reakd o w n  in th e  c a ta lys t s tructure . In d ee d  th e  K eggin  p recu rsor w ou ld  
d e c o m p o s e  a t ra th e r low  te m p e ra tu re s . L O T s  for all K egg in  typ e  cata lys ts  for  
C O  oxidation  fall b e tw e e n  - 1 0 5 4  K and  - 1 1 1 2  K c o m p a re d  w ith - 5 8 8  K for  
th e  c o m m erc ia l T W C .
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F ig u re  5 .2 7  C O  oxidation  o ve r c o m m erc ia l T W C  and novel K eggin  typ e  
cata lys t as  a function  o f te m p e ra tu re  (~ 0 .2 g o f ca ta lys t w a s  u sed  in a  flo w  o f 
5 0 0 c m 3 m in '1 s to ich io m etric  g as  m ix ture  R = 1 .1 3 )
T h e  e a s e  o f th e  K e g g in -ty p e  ion fo rm atio n  w h e n  F e 3+ w a s  partia lly  substitu ted  
fo r A l3+ could not be  fo llo w ed  by N M R  b e c a u s e  o f th e  e ffe c t o f th e  m a g n e tic
F e 3+.
In s u m m ary , partia l F e 3+ substitu tion  fo r A l3+ w a s  b en e fic ia l to te m p e ra tu re  
p ro g ram m ed  p ro p an e  oxidation  (s e e  F ig u re  5 .2 6 )  but not C O  oxidation  (s e e  
F ig u re  5 .2 7 ).
5 . 2 . 1 . 3  Is o t h e r m a l  e x p e r im e n t s  o n  a d v a n c e d  K e g g in - t y p e  c a t a ly s t s
S in c e  it w a s  know n th a t A u  could im p ro ve  th e  C O  activity  o f F e O x [20] it w a s  
d ec id e d  to a ttem p t to inc lude  A u 3+ into th e  A l/F e  K eggin  ion on th e  S i 0 2 
s u rfa c e [2 1 -3 1 ]. A g a in  A u 3+ incorporation  could not b e  fo llo w ed  by 27AI N M R  
b e c a u s e  o f th e  in te rfe ren c e  o f th e  F e 3+. T h e  m eth o d  o f A l/F e /A u  K eggin
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p rep ara tio n  is d escrib ed  in section  2 .1 .2 .2 . S u ch  cata lys ts  w e re  d en o ted  as  
show n in T a b le  2.1 section  2 .1 .2 .2 .
5 .2 .1 .3 .1  C O  oxidation
▼ Kp1000
▼ Kp2575
□  Kp5050
□  Kp7525
♦  Kp0010
F ig u re  5 .2 8  C O  oxidation  a t 6 3 3 K  o ve r A l/F e /A u  substitu ted  K eggin  typ e  
cata lys ts  ad s o rb ed  on S i 0 2 a t a con cen tra tio n  5 % w t as  a  function  o f A u  : F e  
ratio  (~ 0 .2 g  o f ca ta lys t w a s  u sed  in a  flo w  o f 5 0 0 c m 3 m in "1 s to ich iom etric  g as  
m ixture  R = 1 .1 3 )
It w a s  in teresting  th a t th e  F e /A u  substitu ted  [A I0 4.A Ii2( 0 H ) 2.(H 20 ) i 2]7+ K eggin  
typ e  cata lys ts  ab s o rb ed  onto  S i 0 2 sh o w ed  h ig h er C O  oxidation  w h e n  the  
Fe:A u  ratio w a s  high (s e e  F ig u res  5 .2 8 ).
5 .2 .1 .3 .2  H C  oxidation
H C  (p ro p a n e ) ox idation  w a s  not fo llo w ed  b e c a u s e  results  w e re  good e v e n  
w ith o u t A u  p resent.
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5 .2 .1 .3 .3  NOx reduction
• B la n k
F e :A u
• KpOOOO
▼ K p 1 0 0 0
V K p 2 5 2 5
□ K p 5 0 5 0
□ K p 7 5 2 5
❖ K p 0 0 1 0
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F ig u re  5 .2 9  N O x reduction  a t 7 4 6 K  o ve r A l/F e /A u  substitu ted  K eggin  typ e  
cata lys ts  as  a  function  o f A u  : F e  ratio (~ 0 .2 g  of ca ta lys t w a s  used  in a flo w  o f 
5 0 0 c m 3 m in "1 s to ich io m etric  g as  m ix tu re  R = 1 .1 3 )
F e /A u  substitu ted  [A I0 4.A Ii2(0 H )2.(H 20 ) i2]7+ K eggin  typ e  ca ta lys ts  on S i 0 2 
w e re  highly ac tive  in N O x reduction  e sp ec ia lly  a t low  F e :A u  ratios (s e e  F igures  
5 .2 8 ).
U n e x p e c te d ly  F ig u re  5 .2 8  sho w s th a t th e  add ition  o f A u 3+ to th e  a lre a d y  F e 3+ 
substitu ted  K eg g in -typ e  ca ta lys ts  lo w ered  th e  activity w ith  resp ect to C O  
o xidation . W h ile  F ig u re  5 .2 9  sh o w s  th a t the  F e 3+ substitu ted  K eggin  typ e  
cata lys t K p 0 0 1 0  w a s  a c tive  w ith re sp e ct to N O x reduction  an d  activity  w a s  
in c reased  on th e  add ition  o f A u 3+.
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5 . 2 . 1 . 4  X - r a y  p h o to n  s p e c t r o s c o p y  ( X P S )
X P S  w a s  e m p lo y e d  to a sc erta in  th e  su rface  con cen tra tio n s  and  oxidation  
s ta te s  o f F e , A u  and  A l. P h o to e lec tro n  sp ectra  o f a  s am p le  o f A l/A u /F e  K eggin  
typ e  sp e c ies  on S i 0 2 (K s g 5 0 5 0 ) w e re  reco rd ed  and  from  th e  re la tive  a re a s  o f 
p e a k s  th e  su rface  com position  o f th e  s am p le  w a s  d e te rm in e d . In teg ra ted  
a re a s  u n d er p e a k s  A l2p ( 1 1 8 .2 5 e V )  and  A u 4f w e re  c a lcu la ted .
70 75 80 85  90
Binding energy (eV )
F ig u re  5 .3 0  X P S  s p e ctra  o f A l2p fo r A l/A u /F e  K eggin  typ e  s p e c ies  on S i 0 2 (Al 
K a  sou rce  a t 1 4 9 0 .4  e V )
T h e  p re s e n c e  o f A l3+ on th e  sup p o rt su rface  o f th e  novel A l/F e /A u  (F e :A u  = 
1:1 ) substitu ted  K e g g in -ty p e  c a ta ly s t is con firm ed  a t A l2p (7 4 e V )  (s e e  F igures  
5 .3 0 ). A u 3+ w a s  difficult to ass ig n , a  p e a k  w a s  s ee n  a t 9 2 .8 e V  w h e re a s , A u 4f 
binding e n e rg y  should  b e  s ee n  a t 8 8 .3 -6 e V  (s e e  F ig u res  5 .3 1 ). In teresting ly  
th e  leve ls  o f F e 3+ w e re  v e ry  low  and  so th e  real com position  o f th e  active  
s u rfa ce  sp e c ies  is not e xa c tly  th e  s a m e  a s  th a t an tic ip ated .
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F ig u re  5 .31  X P S  spectra  o f A u 4f fo r A l/A u /F e  K eggin  typ e  s p e c ies  on S i 0 2 (Al 
K a  s o u rce  a t 1 4 9 0 .4  e V )
5 . 2 . 1 . 5  S c a n n in g  e le c t r o n  m ic r o s c o p y  ( S E M )  a n d  e n e r g y  
d is p e r s iv e  X - r a y  ( E D X )
S E M  re v e a le d  th e  s u rfa ce  to p o g ra p h y  o f a F e  rich (A u :F e  ratio o f 1 :3 ) 
A l/F e /A u  substitu ted  un su p p o rted  K egg in  typ e  cata lys ts  (F ig u re  5 .3 2 ). First 
th e  su rfa ce  a re a  and  porosity  a p p e a rs  to b e  very  low. S e co n d  a  la rg e  res id u e  
of N a C l w a s  p re se n t on th e  surface , th e re fo re  little in fo rm ation  o f th e  actu a l 
K egg in  su rfa ce  w a s  g a in e d . H o w e v e r th e  E D X  (F ig u re  5 .3 3 )  did s h o w  th e  
p re s e n c e  of A u  and  F e , but o n e  m u st b e a r in m ind th a t th e  e lec tro n s  a re  
g e n e ra te d  in a  reg ion a b o u t 2  pm  in d ep th , and  thus  E D X  is not a  s u rface  
sen sitive  te c h n iq u e . N e v e rth e le s s , F ig u res  5 .3 2  and  5 .3 3  did sho w  w h y  th e  
au th o r w a n te d  to m o ve  to s u p p o rted  porous and  h ig h -a re a  K eg g in -b as ed  
cata lys ts  (ra th e r th an  th e  g lassy  m a te ria l s ee n  in th e  un su p p o rted  s ta te ).
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F ig u re  5 .3 2  S E M  o f F e -rich  (A u :F e  ratio 1 :3 ) A l/F e /A u  substitu ted  
un su p p o rted  K eggin  typ e  cata lys ts , show ing  a  low  a re a  m ate ria l
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F ig u re  5 .3 3  E D X  o f u n su p p o rted  F e-rich  (A u :F e  ratio  1 :3 ) A l/F e /A u  
substitu ted  K eggin  ty p e  c a ta lys ts  a d s o rb ed  on SiC>2, sho w in g  th e  re ten tion  of 
by product N a C I
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5 . 2 . 2  T e m p e r a t u r e  p r o g r a m m e d  e x p e r i m e n t s  o n  
a l u m i n a  s o l - g e l  K e a a i n - t v p e  c a t a l y s t s
T e m p e ra tu re  p ro g ram m ed  e xp e rim e n ts  w e re  carried  out on all th re e  so l-ge l 
p rep a ra tio n s  (s e e  T a b le  2 .1 )  as  d escrib ed  in section  3 .3 : n a m e ly  KsgOOO, 
K s g 5 0 5 0  and  pure  a lu m in a . A s  w a s  e x p e c te d , no activity  w a s  s e e n  for th e  
p u re  a lu m in a  o r th e  unsubstitu ted  K egg in  typ e  cata lys t. D isap p o in ting ly  this  
w a s  a lso  tru e  fo r H C  oxidation  and  N O x reduction  o v e r K s g 5 0 5 0 , th e  A u :F e  
5 0 :5 0  substitu ted  K eggin  typ e  cata lys t. It did h o w e v e r b eg in  to s h o w  C O  
oxidation  activity  a t ~ 5 5 0 K , but this h o w e v e r d ec lin ed  sharp ly  a t ~ 7 2 5 K , 
m a y b e  d u e  to s tructure  c o llap s e  (s e e  F ig u re  5 .3 4 ).
T/K
F ig u re  5 .3 4  H C  and  C O  oxidation  and  N O x reduction  o v e r K s g 5 0 5 0  so l-ge l 
K eg g in -typ e  c a ta lys t as  a function  o f te m p e ra tu re  (~ 0 .2 g  o f ca ta lys t w a s  used  
in a  flo w  o f 5 0 0 c m 3 m in '1 s to ich io m etric  g as  m ixture  R = 1 .1 3 )
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5 . 3  U n s u p p o r t e d  s p i n e l - t y p e  c a t a l y s t s
5 . 3 . 1  S u r f a c e  a r e a  a n d  p o r e  a n a l y s i s
T o ta l su rface  a re a s  and  tota l po re  v o lu m es  w e re  m e a s u re d  fo r th e  sp in e l-typ e  
cata lys ts  (s e e  T a b le  2 .2 )  by th e  m eth o d  as  d escrib ed  in section  4 .1 .2 .
Relative Pressure (p/po)
F ig u re  5 .3 5  T yp ic a l N 2 ad so rp tion  iso therm  a t 7 7 K  as  s e e n  for s p in e l-typ e  
cata lys t S 1 5 0 0  (C 0 1 .5F e 1 .5O 4)
T a b le  5 .8  T o ta l su rfa ce  a re a s  an d  total po re  v o lu m es  fo r s p in e l-typ e  cata lys ts
(C o xFe3-x0 4) w ith and  w ith o u t A u
S p in e l-ty p e  A u /F e -C o  
cata lys t
T o ta l S u rfa c e T o ta l P o re
X y a t%  A u A re a  (m 2 g"1) V o lu m e s
(c m 3 g 1)
C o xF e 3-x0 4
SOOOO 0 .0 0 0 .0 0 9 .8 6  ±  0 .0 8 0 .0 4
S 1 0 0 0 1 .0 0 0 .0 0 1 3 9 .4 8  ± 0 .2 6 0 .2 4
S 1 5 0 0 1 .5 0 0 .0 0 1 7 7 .3 0  ± 0 .3 0 0 .5 5
S 2 0 0 0 2 .0 0 0 .0 0 1 7 .1 2  ± 0 .0 5 0 .0 6
S 3 0 0 0 3 .0 0 0 .0 0 9 3 .4 6  ±  0 .6 2 0 .3 9
A u /C o xF e 3.x0 4
S 0 0 1 0 0 .0 0 1 .0 0 1 2 8 .7 3  ± 0 .2 4 0 .2 7
S 1 0 1 0 1 .0 0 1 .0 0 2 8 2 .3 3  ±  0 .8 3 0 .4 0
S 1 5 0 5 1 .5 0 0 .5 0 1 2 3 .7 9  ± 0 .1 9 0 .1 6
S 1 5 1 0 1 .5 0 1 .0 0 9 0 .8 8  ± 0 .2 1 0 .2 4
S 1 5 2 0 1 .5 0 2 .0 0 1 3 1 .2 7  ± 0 .2 7 0 .1 8
S 2 0 1 0 2 .0 0 1 .0 0 1 08 .41  ± 0 .2 5 0 .3 3
S 3 0 1 0 3 .0 0 1 .0 0 9 2 .9 5  ±  0 .6 5 0.41
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Pore Radii (nm)
F ig u re  5 .3 6  T o ta l p o re  v o lu m e  an d  po re  s ize  d istribution  fo r sp in e l-typ e  
cata lys t S 1 5 0 0  (C 0 1 .5F e 1 .5O 4)
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F ig u re  5 .3 7  T yp ic a l N 2 ad so rp tion  iso therm  a t 7 7 K  as  s e e n  fo r s p in e l-typ e  
c ata lys t S 1 5 1 0  w h ich  c o n ta in ed  A u  ( 1 % A u /C o i.5F e i.5 0 4)
T h e  iso th erm s in F ig u res  5 .3 5  and  5 .3 7  a re  o f B D D T  [3 2 ,3 3 ] T y p e  V  (s e e  
section  4 .1 .2  and  F ig u re  4 .2 )  ind icating  th a t th e  cata lys ts  a re  m e so p o ro u s  w ith
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a w e a k  g as-so lid  in teraction . H ys te res is  loops a re  c learly  v is ib le  indicating  
porosity. C le a rly  gold add ition  h as  d e c re a s e d  th e  total s u rfa ce  o f th e  host 
spine l (s e e  T a b le  5 .8 ).
F ig u res  5 .3 6  and  5 .3 8  s h o w  th e  a v e ra g e  p o re  s ize  is ~  4 5 n m , w ith no po res  < 
2 n m . T h e re fo re  th e  cata lys ts  a re  in d eed  m eso p o ro u s. In add ition  A u  low ers  
th e  total po re  v o lu m e  (s e e  T a b le  5 .8 ).
T a b le  5 .8  a lso  show s th a t th e  h ig h est s u rface  a re a s  o f th e  sp in e l-typ e  
cata lys ts  (C o xF e 3-x0 4 ) w e re  fou n d  w h e n  x = 1 .5  (fo llow ed by x = 1 ). R a ja ra m  and  
S e rm o n  [34] found th a t su rfa ce  a re a  d ro p p ed  w ith rising v a lu e s  o f x. T h e  
addition  o f A u  had little e ffe c t on th e  cata lys t x = 3 , w h ile  s ignificantly  raising  
th e  su rface  a re a  o f all e x c e p t th e  th re e  x = 1 .5  catalys ts , reducing  th e s e  to a  
sm all d e g re e .
Pore Radii (nm)
F ig u re  5 .3 8  T o ta l po re  v o lu m e  and  pore  s ize  d istribution fo r sp in e l-typ e  
cata lys t S 1 5 1 0  w hich  co n ta in ed  A u  (1 % A u /C o i.5F e i .50 4)
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5 . 3 . 2  X - R a v  p h o t o n  s p e c t r o s c o p y  ( X P S )
X P S  w a s  em p lo ye d  to a sc erta in  th e  s u rface  con cen tra tio n s  and  oxidation  
s ta tes  o f C o , F e  and  A u  in s o m e  o f th e  spinel s am p le s  (i.e . S 1 5 0 0  and  
S 1 5 1 0 ). F rom  th e  re la tive  a re a s  o f p e a k s  C o 2p (7 8 0 .2 e V )  and  F e 2p (7 1 1 .8 e V )  
th e  su rface  com position  o f th e  s a m p le  w a s  d e te rm in ed .
Binding energy (eV)
F ig u re  5 .3 9  X P S  spectra  o f F e 2p for C 0 1 5F e i 50 4 and  1 % A u /C o i 5F e i 50 4 
S p in e l-ty p e  cata lys ts  (A l K a  s o u rce  a t 1 4 0 9 .4  e V )
T a b le  5 .9  C o rrec ted  b inding e n e rg ie s  (e V ) fo r se le c te d  s ta te s  o f F e  and  C o  [9]
F e 2D3/2 C 0 2 d3/2
T| (D c 7 0 6 .4  -7 0 7 .0
Fez+ in F e O 7 0 9 .4 -7 1 0 .0
F e 3+ in F e 20 3 7 1 0 .6 -7 1 5 .7
F e 3+ in F e 30 4 7 1 0 .9 -7 1 5 .7
C o 7 7 7 .8 -7 7 8 .1 2
C o 2+ in C o O 7 8 0 .0 -7 8 0 .2
C o 3+ in C o 20 3 7 7 9 .2 -7 8 0 .9
C o 3+ in C o F e 20 4 7 7 9 .2
C o 3+ in C o 30 4 7 7 9 .8 -7 8 0 .3
167
Chapter Five - Results
Co16Fe1504 
°  1% Au/Co, 6Fe, 5O4
Co2p3/2 and 1/2 peaks
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F ig u re  5 .4 0  X P S  sp ectra  o f C o 2p fo r C o i.5F e i 50 4 and  1 % A u /C o i 5F e i .50 4 
S p in e l-ty p e  cata lysts  (A l K a  s o u rce  a t 1 4 0 9 .4  e V )
T h e  p re s e n c e  o f F e 3+ on th e  s u rfa ce  o f th e s e  tw o novel sp in e l-ty p e  cata lys ts  
is con firm ed  a t F e 2p ( 7 1 1 .8 e V ) (s e e  T a b le  5 .9  and  F igure  5 .3 9 ). T h e  s p ectra  in 
F ig u re  5 .4 0  an d  T a b le  5 .9  su g g e st th e  sp e c ies  of C o  on th e  su rfa ce  is C o 2+.
T a b le  5 .1 0  C o m p ariso n  o f e x p e c te d  and  actu a l x v a lu e  and  C o :F e  ratio
C o xF e3 .x0 4
C o xF e3 .x0 4
1 %  A u /  
C o xF e 3-x 0 4 
1 %  A u /  
C o xF e 3-x0 4
p ected
X
1 .5
A ctu a l
X
1 .4 2
E xp ec ted
C o
1 .5
A ctual
C o
1 .4 2
E x p ec te d  F e  
1 .5
A ctu a l
F e
1 .5 8
2 1 .7 0 2 1 .7 0 1 1 .3 0
1 .5 1 .9 6 1 .5 1 .9 6 1 .5 1 .0
2 1 .7 2 2 1 .7 2 1 1 .2 8
In teresting ly  th e  leve ls  o f C o 2+ (sh o w n  in F igure  5 .3 9 )  a re  lo w er th an  exp ec ted  
in all but 1%  A u /C o i 5F e i 50 4 s a m p le  and  th e re fo re  F e 3+ leve ls  (sh o w n  in 
F igure  5 .3 8 )  w e re  h ig h er th an  e x p e c te d  in all but th e  s a m e  sam p le . R a ja ra m  
and  S e rm o n  [34] a lso  s a w  a  slight iron su rface  en rich m e n t. H e n c e  th e  real 
com position  o f th e  active  s u rfa ce  sp e c ies  is not exa c tly  th e  s a m e  as  th a t  
antic ip a ted .
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A u x+ w a s  v ery  difficult to  s e e  by X P S  in 1 % A u /C o xF e x-304 ( (w h e re  x = 1 .5  and  
2 ) s e e  F igure  5 .4 1 )  and  so  its con cen tra tio n  or ox idation  s ta tes  could not be  
ass ig n ed .
Binding energy (eV)
F ig u re  5 .41  X P S  s p e ctra  o f A u 4f fo r 1 % A u /C o i 5F e i.50 4 an d  1 % A u /C o 2 F e 0 4 
S p in e l-ty p e  cata lys ts  (Al K a  so u rc e  a t 1 4 0 9 .4  e V )
5 . 3 . 3  I C P - M S  a n a l y s i s
IC P -M S  w a s  ap p lied  a s  d escrib ed  in section  4 .2 .1 .1 . to th e  d ig es ted  sp ine l- 
typ e  cata lys ts . A  b lank  s a m p le  (s e e  section  2 .2 .2 .2 , T a b le  2 .2 )  w a s  sam p led  
a lo n g s id e  in ternal re fe re n c e  10p p m  solutions o f Bi and  In to e n s u re  accuracy . 
R esu lts  a re  show n in F ig u res  5 .4 1 -5 .4 3 .
F ig u re  5 .4 2  show s th a t IC P -M S  d e te c te d  A u  levels  h ig h er th an  w a s  e x p e c te d .
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F ig u re  5 .4 4  w t%  F e  d e te rm in e d  by IC P -M S  for novel sp ine l typ e  cata lys ts  
(x % A u /C o xFe3-x04)
In teresting ly  all C o  leve ls  (e x c e p t A u = 0 /x = 1  and  A u = 0 .1 5 /x = 1 .5 )  a re  h ig h er  
th an  e x p e c te d , this in d is a g re e m e n t w ith  th e  results ca lcu la ted  from  X P S  d a ta . 
F e  leve ls  a re  m ostly  lo w er th a n  e x p e c te d  (w ith th e  exc ep tio n s  A u = 1 /x = 3 , 
A u = 0 .5 /x = 1 .5  and  A u = 0 /x = 1 ) . T h is  ag a in  is in d is a g re e m e n t w ith X P S  results. 
W h e n  o n e  ta k e s  into a cc o u n t th a t X P S  is su rface  an a lys is  and  IC P -M S  is bulk  
a na lys is  this sug g ests  th e re  is a  s u rfa ce  e n rich m e n t o f F e  and  d efic ien cy  o f 
C o. A s  m en tio n ed  in section  5 .3 2  su rfa ce  e n rich m e n t o f F e  w a s  a lso  o b served  
by R a ja ra m  and  S e rm o n  [34],
5 . 3 . 4  X - r a v  d i f f r a c t i o n  ( X R D )  a n a l y s i s
X -ra y  d iffraction  w a s  ap p lied  as  d escrib ed  in section  4 .2 .5 . to  e v a lu a te  the  
structure  and  stab ility  o f th e  sp in e l-typ e  cata lys t C o i.5F e i .50 4. R esu lts  a re  
show n in F ig u res  5 .4 5 -5 .4 9 .
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2 Theta (Degrees)
F ig u re  5 .4 4  X R D  o f u n ca lc in ed  C 0 1 .5F e 1 .5O 4
T h e  X R D  profiles  b e c o m e  b e tte r d e fin e d  (an d  p ea ks  s h a rp e n ) as  o n e  m o ves  
from  F ig u res  5 .4 5  to  5 .4 9  ind icating  th a t on  hea tin g  to h ig h er te m p e ra tu re  th e  
a v e ra g e  crysta llite  s ize  in th e  sp ine l b e c o m e  larger.
T h e  S c h e rre r e q u a tio n  re la te s  th e  h a lf m ax im u m  in tensity  line w id th s  (p ) a fte r  
ins tru m en ta l correction  to  th e  a v e ra g e  crysta llite  s ize  (dxRD)
dXRD COS d
an d  F ig u res  5 .4 5 -5 .4 9  s h o w  th e  in c re a s e  in a v e ra g e  crysta llite  w ith  heating , 
e s p e c ia lly  a b o v e  1 0 7 3 K , a  m o d e ra te ly  high te m p e ra tu re  fo r a  T W C .
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2 Theta (degrees)
F ig u re  5 .4 6  X R D  o f C 0 1 .5F e 1.5O 4 ca lc in ed  in a ir a t 1 0 7 3 K  fo r 16h
2 Theta (Degrees)
F ig u re  5 .4 7  X R D  o f C 0 1.5F e 1.5O 4 ca lc in ed  in a ir a t 1 1 7 3 K  fo r 16h
173
Chapter Five - Results
2 Theta (Degrees)
F ig u re  5 .4 8  X R D  o f C 0 1 .5F e 1.5O 4 ca lc in ed  in a ir a t 1 2 7 3 K  fo r 16h
2 Theta (Degrees)
F ig u re  5 .4 9  X R D  o f C 0 1 .5F e 1 .5O 4 ca lc in ed  in a ir  a t 1 2 7 3 K  fo r 16h
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M o st d iffraction  p e a k s  in th e  X R D  profile  o f C 01 sFe i 5O 4 ca lc in ed  a t 1 1 7 3 K  
(F ig u re  5 .4 7 )  can  b e  in d exed  to a  p u re  cub ic  p h as e  o f a  c o b a lt ferrite  sp inel 
la ttice, w h ich  m a tc h e s  w ell w ith th e  rep orted  v a lu e  (J C P D S  2 2 -1 0 6 8 )  [3 5 ,3 6 ]. 
In fa c t d a ta  o b ta in ed  a t from  th e  C 0 1 .5F e 1.5O 4 ca lc in ed  a t 1 1 7 3 K  w a s  th e  only  
d a ta  th a t could b e  c h a ra c te rise d  as  cub ic  cell w ith cell p a ra m e te rs  a = b = c  
8 .2 6 0 (4 )  A , w h ich  c o m p a re s  w ell w ith  R a ja ra m  and  S e rm o n s  v a lu e  o f 8 .2 7  A  
[34 ], A t a ca lc ination  te m p e ra tu re  o f 1 0 7 3 K  (F ig ure  5 .4 9 )  th e  profile  s e e m s  to  
s h o w  tw o  sets  o f d -sp ac in g s . B aird  e t al. [37 ] s a w  s im ila r p ro files  and  b e lieved  
this to corresp on d  to roughly  e q u a l a m o u n ts  of an  iron -conta in ing  C o 3 0 4-typ e  
la ttice  and  a  cob a lt-co n ta in in g  F e 304-ty p e  lattice. H o w e v e r on hea tin g  a b o v e  
1 1 7 3 K  add itiona l p e a k s  a p p e a r  ind icating  th e  form ation  o f fo re ig n  p h as es  (s e e  
F ig u res  5 .4 7 -5 .4 9 ) . M o n te m a y o r e t al. [35 ] reported  th e  a p p e a ra n c e  o f a -  
F e 20 3  on heating  a b o v e  1 0 7 3 K .
5 . 3 . 5  T e m p e r a t u r e  p r o g r a m m e d  e x p e r i m e n t s  o n  
C O y F e a - y Q A  s p i n e l - t y p e  c a t a l y s t s
T a b le  5 .11  T 5q V a lu e s  for C O  and  H C  oxidation  o ver th e  sp in e l-ty p e  cata lysts
S p in e l-ty p e
T 5o H C T 50 C O A T  (K ) e ffec t A T  (K ) ef
A u /F e -C o o xidation  (K ) oxidation  (K ) o f A u  on H C o f A u  on
cata lys t
C o xF e 3-x04
SOOOO 1 0 8 3 751
S 1 0 0 0 6 7 8 5 1 2
S 1 5 0 0 1 0 5 4 7 1 4
S 2 0 0 0 5 6 7 4 5 6
S 3 0 0 0 1 0 7 8 5 2 6
A u /C o xFe3-x0 4
S 0 0 1 0 6 6 0 571 -4 2 3 -1 8 0
S 1 0 1 0 4 9 0 6 3 7 -1 8 8 1 2 5
S 1 5 0 5 7 3 4 501 -3 2 0 -2 1 3
S 1 5 1 0 5 6 4 4 6 3 -4 9 0 -251
S 1 5 2 0 9 8 7 5 0 4 -6 7 -2 1 0
S 2 0 1 0 6 0 0 4 6 3 3 3 7
S 3 0 1 0 5 7 3 4 9 5 -5 0 5 31
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T (K)
F ig u re  5 .5 0  C O  oxidation  o v e r a  s a m p le  (~ 0 .2 g ) o f tw o  sp in e l-ty p e  cata lysts  
(S 1 5 0 0  and  S 1 5 1 0 )  w ith and  w ith o u t gold a s  a  function  o f in a  flow  o f 5 0 0 c m 3 
min"1 o f a s to ich iom etric  g a s  m ixture  R = 1 .13
In C O  oxidation  th e  add ition  o f A u  is c learly  b en e fic ia l d esp ite  th e  low er  
s a m p le  su rface  a re a  (s e e  T a b le  5 .8 ).
25 0  3 5 0  4 5 0  5 5 0  6 5 0  7 5 0  8 5 0  9 5 0  105 0
T (K)
F ig u re  5 .51  H C  oxidation  o v e r a  s a m p le  (~ 0 .2 g ) o f tw o  s p in e l-typ e  cata lys ts  
(S 1 5 0 0  and  S 1 5 1 0 )  w ith and  w ith o u t gold as  a  function  o f in a  flow  of 5 0 0 c m 3 
m in '1 o f a  s to ich iom etric  g a s  m ix tu re  R = 1 .1 3
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In H C  oxidation  ag a in  th e  add ition  o f 1%  A u  is ben efic ia l (d e s p ite  a  low ering  o f 
th e  to ta l s u rface  a re a ).
T a b le  5 .1 2  R a te s  p e r unit a re a  for C O  an d  H C  oxidation  (R = 1 .1 3 )
R a te  C O  O x id a t io n  
(m o le c u le s  s '1 m "2 c a t)  
a t  4 6 3 K
R a te  H C  O x id a t io n  
(m o le c u le s  s "1 m "2 c a t)  
A t  5 6 4 K
S 1 5 0 0
C 0 1 .5F e 1 .5O 4
2 .2 6  x 1 0 2° 0 *
S 1 5 1 0  
1 %  A u /C o i .sFei .5O 4
8 .2 9  x 1 0 21 1 .3 8  x 1 0 21
*  F o r H C  oxidation  o v e r S 1 5 0 0  a  ra te  o f 1 .3 8  x 1 0 21 m o le cu le  s '1 m"2 cat w ould  
not b e  reach ed  until a  con vers io n  o f 9 7 %  w a s  a c h ie v e d . A t 1 0 8 5 K  a  
con vers io n  o f on ly  8 0 .5 7 %  w a s  reac h ed .
T/K
F ig u re  5 .5 2  C O  and  H C  o xidation  and  N O x reduction  o v e r a  s am p le  (~ 0 .2 g )  o f 
sp in e l-typ e  ca ta lys t (S 1 5 1 0 )  a s  a  function  o f te m p e ra tu re  in a  flo w  o f 5 0 0 c m 3 
min"1 o f a n e t reducing  g as  m ixture  R = 0 .3 4
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It w a s  now  a p p ro p ria te  to e v a lu a te  th re e -w a y  (i.e . H C , C O  and  N O x) activity  o f 
th e  u nsupported  s p in e l-typ e  ca ta lys ts  u n d er s to ich io m etric  (R = 1 .1 3 ) , net 
oxidising (R = 4 .8 4 )  and  n et reducing  (R = 0 .3 4 )  conditions. D a ta  u n d er net 
oxidising conditions w e re  o b ta in ed  but lost in a  lap -top  theft.
A s  w ould  b e  e xp ec ted  th e re  is
(i) little H C  oxidation  activ ity  u n d er th e  net reducing  conditions (s e e  
F igure  5 .5 2 )  th an  it w ould  u n d er s to ich iom etric  (R = 1 .1 3 )  conditions
(ii) slightly lo w er C O  oxidation  profile  than  th a t a t R = 1 .1 3  (F ig u re  5 .5 0 )  
but n ev erth e les s  th e  A u  conta in ing  sp in e l-typ e  ca ta lys t h as  a low er 
T 5o (4 8 4 K ) th an  th e  co m m erc ia l T W C  T 50 (5 9 3 K ) s e e  F ig u re  5 .5 3  
and
(iii) N O x reduction  c o m p a re d  fav o u rab ly  w ith th e  c o m m erc ia l T W C , w ith  
a T 50 o f 6 5 5 K  c o m p a re d  w ith  T 50 6 0 2 K  fo r th e  T W C  (s e e  F igure  
5 .5 4 ).
F ig u re  5 .5 3  C O  oxidation  o ve r s a m p le s  (~ 0 .2 g ) o f sp in e l-typ e  cata lys t 
(S 1 5 1 0 )  and  a  co m m erc ia l T W C  as  a  function  o f te m p e ra tu re  in a flo w  o f 
5 0 0 c m 3 m in '1 o f a  n et reducing  g as  m ixture  R = 0 .3 4
178
Chapter Five - Results
T h e  d a ta  in F ig u res  5 .5 0  and  5 .51  o b ta in ed  u n d er s to ich iom etric  conditions  
(R = 1 .1 3 )  w e re  p ro cessed  into p se u d o -A rrh e n iu s  plots, from  w h ich  activa tion  
e n e rg ie s  (E a) o f th e  reac tion s  w e re  d e d u c e d . 1 -5 %  con vers io n  ran g e  w a s  
cho sen  for activa tion  e n e rg y  a n a lys is  o f C O  d a ta  to try to e n s u re  d iffe rentia l 
condition: in e a c h  c a s e  this g a v e  re a s o n a b le  linearity.
F ig u re  5 .5 4  N O x reduction  o ve r s a m p le s  (~ 0 .2 g ) o f sp in e l-typ e  cata lys t  
(S 1 5 1 0 )  and  a  co m m erc ia l T W C  a s  a function o f te m p e ra tu re  in a  flo w  o f 
5 0 0 c m 3 m in '1 o f a  n et reducing  g as  m ixture  R = 0 .3 4
F ig u re  5 .5 5  P s eu d o -A rrh en iu s  plots o f C O  oxidation  o ve r C 0 1 5F e i.50 4 and  
1 % A u / C 0 1 .5F e 1.5O 4 (s e e  F ig u re  5 .5 0 )  a t R = 1 .1 3
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It is c le a r to s e e  th a t E a fo r C O  oxidation  is low er (i.e . 3 2 .8 9  kJ mol"1) w h e n  A u  
is a d d e d  to th e  sp in e l-typ e  c a ta ly s t (s e e  F ig u re  5 .5 5  an d  T a b le  5 .1 2 )  than  in 
its a b s e n c e  (i.e . 3 9 .5 7  kJ mol"1).
F o r H C  (p ro p a n e ) a  d iffe re n t co n vers io n  w in d o w  had to b e  cho sen  for e ac h  
cata lys t (Au contain ing  2 1 .5 3 -4 5 .2 6 %  and  no A u  2 0 .7 0 -4 8 .3 3 % )  b e c a u s e  of 
th e  periodicity  o f ana lys is . T h e re fo re  erro rs  in H C  E a a re  likely to  b e  larger. 
E v en  so, it is c le a r to s e e  th a t (F ig u re  5 .5 6 )  E a H C  oxidation  is a lso  low er  
w h e n  A u  h as  b ee n  a d d e d  (i.e . 6 9 .7 4  kJ m o l'1) to th e  s p in e l-typ e  cata lys t than  
in it a b s e n c e  (i.e . 8 3 .2 4  kJ m o l'1) (s e e  T a b le  5 .1 2 ).
1000/T(K)
F ig u re  5 .5 6  P s eu d o -A rrh en iu s  plots o f H C  oxidation  o v e r C 0 1 5F e i 50 4 and  
1 % A u / C 0 1 .5F e 1.5O 4 (s e e  F ig u re  5 .5 1 )  a t R = 1 .1 3
A s  th e re  is no N O x activ ity  u n d e r s to ich iom etric  conditions p se u d o -A rrh e n iu s  
plots a re  not possib le .
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1000/T (K)
F ig u re  5 .5 7  P seu d o -A rrh en iu s  plots o f C O  oxidation  o v e r a  co m m erc ia l T W C  
and  1 % A u /C o i.5F e i .50 4 (s e e  F ig u re  5 .5 3 )  a t R = 0 .3 4
1000 /T(K)
F ig u re  5 .5 8  P s eu d o -A rrh en iu s  plots o f N O x R ed u ctio n  o v e r a  co m m erc ia l 
T W C  and 1 % A u /C o i.5F e i .50 4 (s e e  F ig u re  5 .5 4 )  a t R = 0 .3 4
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A s  th e re  is no H C  activity  u n d e r n e t reducing  conditions p seu d o -A rrh en iu s  
plots a re  not possib le .
2 -5 2 %  con vers io n  ra n g e  w a s  c h o sen  fo r activation  e n e rg y  a n a lys is  o f N O x 
con vers io n  d a ta . In e a c h  c a s e  this  g a v e  re a s o n a b le  linearity . O n c e  ag a in  it is 
c le a r  to  s e e  th a t (F ig u re  5 .5 7 )  E a fo r N O x reduction  is lo w er fo r A u  contain ing  
s p in e l-typ e  ca ta lys t this tim e  c o m p a re d  to  a  co m m erc ia l T W C . T a b le  5 .1 3  
confirm s th a t it is a c tu a lly  c o n s id erab ly  lo w er fo r th e  s p in e l-ty p e  cata lys t th a n  
th e  c o m m erc ia l T W C  e v e n  tho u g h  th e  T W C  re a c h e s  1 0 0 %  q u ick e r o n c e  th e  
reac tion  h as  s ta rted .
N o t surprisingly , a s  th e s e  sp in e l-ty p e  cata lys ts  a re  porous m a te ria ls  (i.e . to ta l 
p o re  vo lu m e  o f 0 .5 5  c m 3 g '1 an d  0 .2 4  c m 3 g '1 fo r S 1 5 0 0  and  S 1 5 1 0  
resp ective ly ), th e  E a v a lu e s  g iven  in T a b le  5 .1 3  a re  m o st likely to  b e  d iffus ion- 
lim ited, w ith m o st p o res  ~ 4 5 n m  in s ize  (s e e  F ig u res  5 .3 7  and  5 .3 9 ).
T a b le  5 .1 3  E a (kJ m o l'1) o f C O  and  H C  oxidation  o v e r sp in e l-ty p e  ca ta lys ts  
w ith and  w ith o u t gold (s to ich io m etric  g as  m ixture  R = 1 .1 3 )  an d  C O  oxidation  
and  N O x reduction  o ve r a  c o m m erc ia l T W C  and s p in e l-typ e  ca ta lys ts  w ith  gold  
(R ich  g a s  m ixture  R = 0 .3 4 )
R = 1 .1 3 C 0 1 .5F e 1 .5O 4
(S 1 5 0 0 )
1 % A u / C 0 1 .5F e 1 .5O 4 
(S 1 5 1 0 )
C O  o x id a t io n 3 9 .5 7 3 2 .8 9
H C  O x id a t io n 8 3 .2 4 6 9 .7 4
R = 0 .3 4 T W C 1 % A u / C 0 1 .5F e 1.5O 4
C O  o x id a t io n 5 9 .5 9 2 9 .2 2
N O x re d u c t io n 8 7 9 7 9 .9 9
T h e  E a v a lu e  fo r N O x reduction  o v e r th e  T W C  u n d er n e t reducing  conditions  
w a s  e x tre m e ly  high, F ig u re  5 .5 4  sho w s o n ce  this e n e rg y  b arrie r had  b ee n  
cro ssed  th e  reaction  p lot w a s  e xp o n en tia l (i.e . activity  did not s tart until a  
te m p e ra tu re  o f 5 9 2  K  w a s  a c h ie v e d , bu t 9 9 .7 8 %  con vers io n  w a s  a ch ie ve d  ju s t  
3 2 K  h ig h er a t 6 2 4 K ).
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5 . 4  F e c r a l l o v  s u p p o r t e d  s p i n e l - t y p e  c a t a l y s t s
5 . 4 . 2  I n t r o d u c t i o n  t o  F e c r a l l o v  a n d  c h o i c e  o f  c a t a l y s t  
t o  c o a t
F ec ra llo y  h as  b e e n  w id e ly  c h o s en  fo r a  T W C  sub stra te , a s  w e ll a s  m a n y  o th e r  
industria l cata ly tic  app lica tion s  (d u e  to its m e ch a n ica l s trength , im proved  h e a t  
d issipation  an d  im proved  cata ly tic  activ ity  resulting from  th e  in c rea se d  s u rface  
a re a s  [38]).
Its n a m e , F ecra llo y , is ind icative  o f its com position: Fe; C r  (up  to 2 0 % ); A l 
(0 .5 -1 2 % );  Y  (0 .1 -3 % ) [38].
It is a  s tee l con ta in ing  yttrium , w h ich  y ie lds  it a  lo n g er h ig h -te m p e ra tu re  life, 
su itab le  fo r u se  o ve r a  w id e  ra n g e  up to 1 5 7 3 K  and  g re a te r  res is tan ce  to  
oxidation  [38].
T h e  sp in e l-typ e  cata lys t 1 % A u /C o i.5F e i .504  w a s  cho sen  to  c o a t th e  F ec ra llo y  
d u e  to  it having  th e  m o st fa v o u ra b le  C O  and  H C  oxidation  T 5o v a lu e s  in th e  
un su p p o rted  sta te .
T h e  F ec ra llo y  w a s  p re p a re d  an d  c o a ted  as  d escrib ed  in sec tio n  2 .2 .2 .2 .
5 . 4 . 2  S c a n n i n g  e l e c t r o n  m i c r o s c o p y  ( S E M )  w i t h  
e n e r g y  d i s p e r s i v e  X - r a v  a n a l y s i s  ( E D X )
S E M  an d  E D X  w e re  ap p lied  a s  d escrib ed  in section  4 .2 .2 . T h e  fo rm e r to  s e e  
th e  c h a n g e  F ec ra llo y  s u rfa c e  w ith  increasing  h e a t tre a tm e n t and  a s s e s s  th e  
ability  o f th e  s p in e l-typ e  ca ta lys ts  ( 1 % A u /C o i.5F e i.50 4 ) to  c o a t onto  F ec ra llo y  
sub stra te , w ith  th e  la tte r to  a s s e s s  th e  su rfa ce  p re s e n c e  o f C o , F e  and  A u .
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F ig u re  5 .5 9  S E M  o f u n co a ted  and  u n trea ted  F ecra llo y
20pm
F ig u re  5 .6 0  S E M  o f u n co a ted  F ec ra llo y  ca lc in ed  in a ir a t 1 1 7 3 K  for 16h
? pm
F ig u re  5 .61  S E M  o f u n co a ted  F ec ra llo y  ca lc ined  in a ir a t 1 2 7 3 K  fo r 16h
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F ig u re  5 .6 2  S E M  o f u n co a ted  F ec ra llo y  ca lc in ed  in a ir a t 1 3 7 3 K  for 16h
T h e  roughen ing  o f th e  F ec ra llo y  s u rfa c e  w ith increasing  te m p e ra tu re  can  
c lea rly  b e  s e e n  in F ig u res  5 .5 9  to  5 .6 2 .
T»i7'"T*"f”rti" r.pi»iwii|.ni|i<inw.riim|mmiw|w>irwinrwT|wupw»tii .  y  iwru»'|WT»w| wirm j..
0 1 2 3 4 S 6 7 8 9 10 11 12 13 14 tS 1* 17 18 19 20
Ful Scale 898 cte Cursor. 0.000 KeV KeV
F ig u re  5 .6 3  E D X  spectru m  o f th e  s a m p le  in F igure  5 .6 2
T a b le  5 .1 4  E D X -d e riv e d  com position  (a t% ) o f u n co a ted  F ec ra llo y  in F ig u res  
5 .5 9 , 5 .6 0  and  5 .6 2
F e A l C r Y
U n tre a te d 3 6 .5 8 4 .6 5 1 1 .5 9 0.00
C a lc in e d  a t  1 1 7 3 K 0.00 3 1 .5 4 0 .3 9 0.00
C a lc in e d  a t  1 3 7 3 K 3 .4 4 9 4 .5 0 2 .0 5 0.00
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It w a s  s ee n  th a t th e  su rfa ce  con cen tra tio n s  o f F e  and  C r all but d is a p p e a r w ith  
increasing  ca lc in atio n  te m p e ra tu re , w h ile  A l in c rea se s  from  4 .6 5  a t%  to 9 4 .5 0  
a t%  (s e e  T a b le  5 .1 4 ). T h e re fo re  o n e  can  a s s u m e  th e  su rfa ce  roughen ing  
‘w h is k e rs ’ cons is ted  pu re ly  o f A I2O 3.
100pm
F ig u re  5 .6 4  S E M  o f F ec ra llo y  p re ca lc in e d  to 1 3 7 3 K  fo r 16  h in a ir and  then  
sub jec ted  to a  s ingle  coa tin g  o f 1 % A u /C o i.5F e i 5O 4
10gm
F ig u re  5 .6 5  S E M  o f F ec ra llo y  p reca lc in ed  to 1 3 7 3 K  fo r 16  h in a ir and  then  
sub jec ted  to a  d o u b le  coating  o f 1 % A u /C o i.5F e i.50 4
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' 100pm 1
F ig u re  5 .6 6  A u m a p  o f th e  s a m p le  in F ig u re  5 .6 4
11 100pm 1
F ig u re  5 .6 7  C o  m ap  o f th e  s a m p le  in F ig u re  5 .6 4
W M
1 1 0 0 p m 1
F ig u re  5 .6 6  F e  m ap  o f th e  s a m p le  in F ig u re  5 .6 2
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F ig u re  5 .6 8  E D X  spectru m  o f th e  s a m p le  in F igure  5 .6 4
V V- I J jj j J S
\ T r r t , T r " TT 'n  . . . . . .  r7 r ............. ............ 1 ' ’ 1 ' U J 11
0 1 2 3  4 5 
FuN Sca le  167888 c ts  Cursor. 4.708 keV  (3597 c ts)
6 7 8 9 10
keV
F ig u re  5 .6 9  E D X  spectru m  o f th e  s a m p le  in F igure  5 .6 5
T a b le  5 .1 5  E D X -d e riv e d  com position  (a t% ) of 1 % A u / C 0 1 .5F e 1.5O 4 co a ted  
F ecra llo y  in F ig u res  5 .6 4  and  5 .6 5
F e A l C o A u
S in g le  c o a t 2 7 .0 0 0 .0 0 7 2 .6 0 0 .0 0
S in g le  c o a t  a n d  w a s h e d 2 8 .7 6 3 .6 4 6 5 .2 6 0 .81
D o u b le  c o a t  a n d  w a s h e d 2 3 .3 2 0 .0 0 7 5 .6 7 0 .91
D o u b le  c o a t , w a s h e d  a n d  
c a lc in e d  a t  1 3 7 3 K
1 8 .6 6 4 3 .6 0 3 5 .5 7 0 .7 9
T h e  c o h e re n c e  o f th e  s ing le  coatin g  can  c learly  b e  s e e n  in F ig u re  5 .6 4  as  w ell 
a s  th e  h e a v ie r d o u b le  coating  in F ig u re  5 .6 5 . T h e  high s u rfa ce  concentratio in  
of A l in A I2O 3 s e e n  on oxidation  in T a b le  5 .1 4  w a s  low  fo r th e  s ingle  and  
a lm o st ze ro  fo r th e  d o u b le  co a ted  sam p le s , proving th e  s p in e l-typ e  cata lys t 
had in d eed  g iven  a  good coating . In add ition , C o  and  A u  w e re  in troduced (s e e  
ta b le  5 .1 5 ). T h e  m a jo r e le m e n ts  in th e  novel sp in e l-typ e  cata lys t a p p e a r  to be  
uniform ly d istributed  in F ig u res  5 .6 5 -5 .6 8 . T h e re fo re  E D X  finds C o  a t th e
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su rfa ce  (s e e  T a b le  5 .1 5 )  w h ich  is in d irect con trast to th e  F e  su rface  
e n rich m e n t found in th e  un su p p o rted  sp in e l-typ e  cata lys ts . A ltho u g h  A u  
c an n o t b e  s e e n  in th e  sp ec tru m  o f th e  s ingly  co ated  F ec ra llo y  (F ig u re  5 .6 9 ), it 
can  c learly  b ee n  s e e n  in th e  A u  m a p  o f th e  s a m e  region (F ig u re  5 .6 6 ). T h is  is 
in teresting  s ince  X P S  could  not s e e  it in th e  u nsupported  s p in e l-typ e  catalys t. 
A fte r ca lc ination  all th re e  m e ta ls  o f th e  sp in e l-typ e  ca ta lys t (i.e . F e , C o  and  
A u ) con cen tra tio n s  d ro p p ed  (s e e  T a b le  5 .1 5 ).
5 . 4 . 3  A c t i v i t y  o f  s u p p o r t e d  s p i n e l - t y p e  c a t a l y s t s
T e m p e ra tu re  p ro g ram m ed  e x p e rim e n ts  w e re  carried  out on the  
1 % A u /C o i.5F e i .504  co a ted  F ecra llo y . U n fo rtu n ate ly  activity  w a s  m o d es t (s e e  
F ig u re  5 .7 0 ). T h is  is p ro b ab ly  d u e  to having m uch less th a n  2m g  o f ac tive  
m ate ria l p re se n t (on th e  ~ 1 g  s a m p le ) in th e  m ic ro -rea c to r (i.e . 0 .2 w t%  
coatin g ). F u rth e r w o rk  is n e e d e d  to op tim ise  th e  coating  o f such sup p o rted  
cata lysts .
F ig u re  5 .7 0  C O  and  H C  oxidation  an d  N O x reduction  o v e r a s a m p le  (~ 1 g ) o f 
sp in e l-typ e  ca ta lys t (S 1 5 1 0 )  d o u b ly  c o a ted  on F ecra llo y  p reca lc in ed  to 1 3 7 3 K  
fo r 16  h in a ir as  a  function  o f te m p e ra tu re  in a  flo w  o f 5 0 0 c m 3 m in '1 o f a  
sto ich io m etric  g as  m ix ture  R = 1 .1 3
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5 . 5  S u m m a r y  o f  c a t a l y t i c  r e s u l t s
S urpris ing ly , it w a s  fou n d  th a t P b , M n  an d  Z n  actu a lly  p ro m o ted  H C  oxidation  
o v e r th e  co m m erc ia l T W C , y e t u n ex p ec te d ly  th e  activa tio n  e n e rg y  fo r th e  
reac tion  w ith P b (O A c )2 a n d  Z n  w a s  h ig h er than  th a t o f th e  co m m erc ia l T W C .  
T h e  e ffec t on C O  oxidation  w a s  q u ite  d ifferent; very  s light p rom otion  w a s  s e e n  
w ith d o p an ts  P b (O A c )2, K  an d  Z n , w h ile  all o thers  a c ted  a s  po isons (i.e . M n  
a n d  N a  qu ite  m a rke d ly ) d e s p ite  all E a v a lu e s  being  red u ced .
N o  s ign ificant P G M  losses  w e re  d e te c te d  from  th e  T W C  o v e r th e  sh o rt-tim e  
s c a le  e x p e rim e n ts  carried  o u t a t th e  R  v a lu e s  se lec ted .
It w a s  found  tha t, p rec ip ita ted  F e  substitu ted  K eg g in -ty p e  cata lysts , 
[ M 0 4.M i 2( 0 H ) 24.(H 20 ) i 2]7+, on  a  s ilica support c o m p a re d  fav o u rab ly  to  th e  
co m m erc ia l T W C  in p ro p a n e  oxida tio n . T h e  L O T  w a s  ~  8 7 0  K (w h ile  it w a s  
~ 8 1 2  K for th e  c o m m erc ia l T W C ). U n fo rtu n ate ly  C O  oxidation  w a s  not so  
fa v o u ra b le  e v e n  a fte r incorporation  o f A u . N e v erth e les s , th e  A u /F e  substitu ted  
K eg g in -ty p e  ca ta lys ts  w e re  h ighly  a c tive  in N O x reduction. A u /F e  substitu ted  
so l-g e l typ e  ca ta lys ts  p roved  to  b e  th e rm a lly  u nstab le .
U n su p p o rted  c o b a it-fe r r ite  sp in e l-ty p e  ca ta lys ts  o f th e  form  C o xF e 3.x04  w e re  
found  to c o m p a re  fav o u rab ly  to  th e  co m m erc ia l T W C , w ith  L O T  fo r both C O  
an d  H C  oxidation  lo w e r fo r m o s t v a lu e s  o f x. W ith  a  1 % w t loading o f A u  to 
C 0 1 .5F e 1 .5O 4 its s u rfa ce  a re a  d ro p p ed  a lm o st 5 0 %  (from  1 7 7 .3 0  to  9 0 .8 8  m 2 g ' 
1 cat). H o w e v e r L O T s  w e re  still co n s id erab ly  low er (~ 4 6 3 K  c o m p a re d  w ith  
~ 7 1 4 K  w ith o u t A u  (~ 5 8 8 K  fo r T W C ))  fo r C O  oxidation  an d  a lso  fo r H C  
oxidation  (~ 5 6 4 K  c o m p a re d  w ith ~ 1 0 5 4 K  w ith o u t A u  (~ 8 1 2 K  fo r T W C )) . B E T  
an a lys is  sh o w ed  th e  m a te ria l to  b e  m eso p o ro u s . X P S  s h o w e d  th e re  to  b e  a  
s u rfa ce  e n ric h m e n t o f F e , w h ile  IC P -M S  sho w ed  a  bulk  e n rich m e n t o f C o  for  
th e  un su p p o rted  non A u  conta in ing  s p in e l-typ e  cata lys ts . X R D  e n a b le d  cub ic  
cell (w ith cell p a ra m e te rs  a  = b =  c 8 .2 6 0 (4 )  A ) to b e  ass ig n ed  to C 0 1 .5F e 1.5O 4 
ca lc in ed  a t 1 1 7 3 K  an d  all m a jo r d iffraction  p e a k s  in d exed  to  a  pure  cub ic  
p h a s e  o f cob a lt fe rrite  sp ine l. C a lc in a tio n  a b o v e  an d  b e lo w  this  te m p e ra tu re  
s h o w e d  d iffraction  p e a k s  o f un id en tified  fore ign  p h ases .
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S uppo rtin g  th e  s p in e l-ty p e  c a ta ly s t 1 % A u /C o i.5F e i.5 0 4 o n to  p re -ca lc in ed  (a t  
1 3 7 3 K ) F ec ra llo y  w a s  successfu l. E D X  sho w ed  th e  m a jo r e le m e n ts  in th e  
s p in e l-ty p e  c a ta ly s t to  b e  un iform ly  d is tribu ted , w ith a  s u rfa ce  e n rich m e n t of 
C o . A ctiv ity  e x p e rim e n ts  n ee d  to  b e  fu rth e r optim ised  w ith re sp e c t to  c a ta lys t  
loading.
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Chapter Six - Discussion
6 . 1  I n t r o d u c t i o n
E n v iro n m en ta l app lica tion s  o f ca ta lys ts  rem ain  im portant, re la tive  to cata lys ts  
being  used in p ro cess  chem istry .
6 . 2  P o i n t s  o f  F o c u s  o f  T W C s
6 . 2 . 1  C o l d  S t a r t
O n e  o f th e  cu rren t fo c u se s  o f c o m m erc ia l Pt, Pd an d  R h -b a s e d  th re e -w a y  
cata lys ts  (T W C s ) is th e  a c h ie v e m e n t o f im proved  c o n vers io n s  during co ld - 
starts , s in ce  re q u irem e n ts  o f fu tu re  em iss io n  s ta n d a rd s  c a n n o t n ecessarily  b e  
m e t by co n ven tio n a l T W C s , a s  th e y  c an n o t e ffic iently  re m o v e  H C  an d  C O  
fro m  th e  ou tle t o f in terna l com bu stion  e n g in e s  in th e  co ld -s ta rt p h a s e  [1]. F o r 
e x a m p le  th e  c o n v e rte r is u n a b le  to  function  properly  until th e  e x h a u s t g a s e s  
h e a t it up to th e  L O T s  o f 5 2 3 -6 1 3  K  [2 ,3 ]. T h is  is a  p ro b lem  s in ce  6 0 - 8 0 %  o f  
th e  tota l h yd ro carb o n s  em itte d  a re  p ro d u ced  in th e  first 2  m in o f o p era tio n  
during th e  cold s tart [4 -5 ] (s e e  ta b le  6 .1 ) .
T a b le  6 .1  T yp ic a l com po s itio n  o f th e  h yd ro carb o n s  during cold  s tart [4]
H y d r o c a r b o n  ty p e :
a p p ro x im a te  
h yd ro carb o n  
com position  (% )
S a m p lin g  t im e  (se co n d s  
a fte r cold s tart)
3 3 0
A lk a n e s 2 0 3 5
A lk e n e s 4 5 2 0
A ro m atics , C 6, C 7 2 0 2 0
A ro m atic s , > C 8 15 2 5
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M a n y  m e th o d s  h av e  b e e n  c o n s id ered  to  im prove  cold s tart e m iss io n s  control, 
e s p e c ia lly  fo r H C . T h e s e  inc lu d e  cata ly tic  and  sys tem  im p ro vem en ts . 
E x a m p le s  a re  [4-5]:
(i) m in im ising  h e a t losses  from  th e  e x h a u s t g as  using d o u b le -w a ll a ir-  
g ap  e x h a u s t p ipe  con n ectin g  to  th e  e xh au s t m an ifo ld , but this w ou ld  
e x p o s e  th e  ca ta lys t to  e x tre m e ly  high te m p e ra tu re s  and  p ro b ab le  
d eactiva tio n , (s e e  b e lo w )
(ii) e le c tr ic a lly -h e a te d  c a ta ly ze d  m e ta l m onolith
(iii) hyd ro carb o n  trap
(iv) ch e m ic a lly  h e a te d  cata lys t
(v) e x h a u s t g as  ignition
(vi) c a ta lys t fo rm u la tio n s  a re  b e ing  m odified  to im p ro ve  th e ir ligh t-o ff 
ch aracteris tics , (i.e . h ighly lo a d e d  P d -o n ly  c a ta lys t an d  A u  add ition )
L O T s  fo r H C  an d  C O  a re  lo w ered  by lean  e x h a u s t g a s  com po s itio n s  and  
im p ro v em e n t in co n vers io n s  o f ca ta lys ts  u n d er lean  burn conditions a re  being  
d e v e lo p e d  th a t will a llo w  th e  v eh ic le  to b e  o p e ra te d  slightly lean  o f 
sto ich io m etric  during  co ld -s ta rt w h ile  still a fford ing good co ld -s ta rt d riveab ility  
[6 ,4 ].
6 . 2 . 2  D e a c t i v a t i o n
A  sign ificant p ro b lem  o f T W C s  is loss o f activity  th rou g h  “d eactiva tio n ". 
D eactiva tio n  is in ev itab le  d u e  to  th e  tough conditions to w h ich  th e y  a re  
sub jec ted  (high te m p e ra tu re s  a n d  d eposition  o f po isons), bu t it can  b e  s lo w ed  
o r p re ve n te d  and  s o m e  o f its c o n s e q u e n c e s  can  b e  a vo id ed  [7 ,8 ].
M e c h a n is m s  o f ca ta lys t d ea c tiv a tio n  can  b e  c lassified  a s  c h e m ic a l (i.e . 
poison ing , v a p o u r c o m p o u n d  fo rm atio n  a cc o m p a n ie d  by tran sp o rt and
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v ap o u r-so lid  a n d /o r solid -so lid  reac tion s), th e rm a l (i.e . s in tering  o r th e rm a l 
d e g ra d a tio n ) o r m e c h a n ic a l (i.e . a ttrition /crush ing ) [9 ,1 0 ].
D ea ctiv a tio n  by th e rm a l e ffec ts  a re  w ell u n derstood . T h e  cata lys t is sub jec ted  
to  ox ida tive  a tm o s p h e re  a t high te m p e ra tu re s  lead ing  to s in tering  o f th e  active  
c o m p o n en ts , resulting in a  reduction  o f to ta l su rface  a re a , w h ich  is obviously  
u n fa vo u ra b le  fo r th e  activ ity  o f th e  catalys ts . H o w e v e r, s o m e  o f th e s e  
d eactiva tio n  p ro ce ss e s  can  b e  revers ib le . T h u s  th e  p e rfo rm a n c e  o f a  cata lys t  
could b e  resto red  during  driving v ia  o xyg en  s to ra g e  m a te ria l [1 1 ,5 ]. (i.e . 
ceriu m  o x id e  [12 ]) w h e n  th e  ca ta lys t is e xp o se d  to  conditions w h e re  
re g en era tio n  can  exist, i.e . le an  o r rich conditions in rich /l-v a lu e s  [13 ].
H o w e v e r, th e  ro le o f ch e m ic a l po ison ing  is less  u nderstood . It has long b e e n  
know n th a t P [14 ], S  [15 ], P b  [16 ], C a  a n d  Z n  [7] a re  th e  m o st co n c en tra te d  
co n tam in an ts  (P , C a  and  Z n  aris ing  from  lubricants an d  P b  an d  S  from  fue l).
6 . 3  P G M - l o s s  f r o m  t r a d i t i o n a l  T W C s
T h e re  is w e ll pub lic ised  co n cern  th a t P G M  loss from  T W C s  can  occu r d u e  to  
ab ras io n  and  d e te rio ra tio n  o f th e  cata lyst s u rfa ce  [1 7 -2 5 ]. C h ro n ic  
o ccu p atio n a l e xp o su re  e ffe c t o f P t c o m p o u n d s  is w e ll-d o c u m e n te d , and  
certa in  P t s p e c ies  a re  know n to exh ib it a lle rg en ic  po ten tia l. [25 ]. T h e  po ten tia l 
fo r p a llad iu m  to  b e  an  a lle rg en ic  had  b ee n  u n d er es tim a te d  [20 ]. P G M s  h av e  
b e e n  said  to b e h a v e  in an  inert m a n n e r. H o w ev er, th e  p la tinum  c o n ten t o f 
road dusts  can  b e  so lub le , a n d  so  it e n te rs  a d ja c e n t w a te rs , sed im e n ts , soil 
an d  finally  th e  food  cha in  [25 ]. H e n c e  th e re  is m uch activity  in optim ising  
m e th o d s  o f P G M  d e te rm in a tio n  in en v iro n m e n ta l and  b io log ical s am p le s  [2 0 -  
2 4 , 26 ].
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6 . 4  K e q q i n - t v p e  C a t a l y s t s
K eg g in -ty p e  h e te ro p o lyac id s  (H P A ) (e .g . H 3P M o i20 4o /S i0 2 o r H 3P W i20 4o) a re  
u sed  on silica supports  fo r ca ta lys is  o f reactions  such as  a lky la tion  [27 ] and  
p ro p a n e  oxidation  [28 ]. A u  incorporation  into K egg ins  h as  not p rev ious ly  b ee n  
reported .
6 . 5  T r e n d s  i n  G o l d  C a t a l y s t s
B ulk  gold is trad itio n ally  th o u g h t to b e  inert, but gold n an o p artic les  a re  reac tive  
[29 ]. G o ld  w a s  fo r m a n y  y e a rs  co n s id ered  to b e  a  p o o r ca ta lys t, b e c a u s e  o f its 
a b s e n c e  o f p a rtia lly -va ca n t d -o rb ita ls  a t  te m p e ra tu re s  b e lo w  th e  exc ita tio n  o f d 
s s ta tes . A u  sup p o rted  on red u c ib le  ox ides  (e .g . A u /tita n ia  [30 ] and  
A u /F e O x  [3 1 ]) form  a  g ro u p  o f gold ca ta lys ts  u n d er c u rren t s tudy  W o rld -w id e . 
T h e y  s h o w  activ ity  in C O  o xidation  a t low  te m p e ra tu re  [32 ]. Both o xyg en  
sto ich io m etry  in th e  o x id e  o ve r-la y e rs  an d  c h a rg e  tra n s fe r to o r from  th e  A u  
m a y  b e  im p o rtan t [30 ]. O fte n  w o rk  on such  cata lys ts  is d irec ted  to
(i) a c tive  in e xp e n s iv e  pollution control cata lys ts  [31 ] or
(ii) n e w  rou tes  to  such o x id e -su p p o rte d  A u  a lth o u g h  s o m e tim e s  th e s e  
p ro d u ce  la rg er su p p o rted  A u  crysta llites  (e .g . 4 .1 -8 .4 n m ) [33 ] or
(iii) in-situ c h a ra c terisa tio n  s a y  by IR  w h e re  th e  v ib ra tio n a l fre q u e n c ie s  
d e c re a s e  a s  th e  s ize  o f th e  fre e  cation ic  A u  a g g re g a te s  in c rea se s
A U n (C O )m
n ,m  A,(CO) (c m '1)
6 .6  2 1 4 8
7 .6  2 1 4 7
1 0 .6  2 1 4 4  or
( iv )E X A F S -IR  a n a lys is  o f th e  b reak in g  o f th e  a g g re g a te /s u rfa c e  bond  
on in troduction o f C O + 0 2 [34]
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E v en  s u rfa ce  sc ie n ce  is b ro u g ht to  b e a r [35 ] in th a t O  on A u (1 1 1 )  h as  b ee n  
sho w n  to  in c rea se  th e  sticking p robab ility  o f 0 2 on A u  su rfa ce s  a t 4 0 0 K .
6 . 6  A u - S p i n e l  C a t a l y s t s
3 % A u /F e O *  [31 ] h a s  b e e n  p re p a re d  in a  high s u rfa ce  a re a  (4 0 0 m 2/g )  
h ydroxylated  form  by p recip ita tion  on F e C I3 addition  to  a  1 5 %  N H 4O H  solution  
a t p H = 1 0  an d  then  drying a t 3 8 3 K  and  calc in atio n s  a t 3 8 3 -5 7 3 K  fo r 4 h . O n  
this H A u C I4 w a s  sub jec t to  d ep o s itio n -p rec ip ita tio n  a t vario u s  p H s  (p H = 9  w a s  
o p tim u m  in te rm s  o f C O  ox ida tio n ) an d  te m p e ra tu re s  (4 5 3 K  w a s  o p tim u m ) 
[31 ] a s  A u ° crysta llites  s m a lle r th an  4 n m  an d  in d eed  th e  s am p le s  w e re  X -ra y  
am o rp h o u s  [31 ]. X P S  o f th e s e  s a m p le s  g av e  F e  2 p 3/2 an d  A u 4 f7/2 binding  
energ ies:
T a b le  6 .2  X P S -d e r iv e d  d a ta  fo r A u /F e O x
C alc in a tio n F e 2 p 3/2 A u 4 f7/2
te m p e ra tu re B E B E
(K ) (e V ) (e V )
4 2 3 7 1 0 .8 8 3 .7
4 7 3 7 1 0 .6 8 4 .6
5 2 3 7 1 0 .6 83 .1
5 7 3 7 1 0 .6 8 4 .0
S a m p le s  (5 0 0 m g ) o f th e s e  ca ta lys ts  co m p le te ly  c o n v erte d  1 % C O  in a ir  
flow ing  a t 5 0 0 c m 3/h  a t 2 9 8 K  a t a  s p a c e  veloc ity  o f 4 0  OOOh"1 [31 ], but tu rn o v er  
fre q u e n c ie s  (T O F s ) w e re  not d e d u c e d . H e re  th e  a u th o r h as  p ro duced  nove l 
A u /C o xF e 3-x04 ca ta lys ts  in th e  unsu p p o rted  and  m onolith  sup p o rted  s ta tes .
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6 . 7  S u m m a r y  o f  C o n c l u s i o n s  o f  P r e s e n t  W o r k
T h e  a u th o r b e lie v e s  th a t th e  m o s t p o w erfu l cata ly tic  po ison  fo r a  c o m m erc ia l 
au to m o tive  T W C  is N a  an d  th a t a  s e le c te d  d o p an t m a y  p ro m o te  o n e  reaction  
in duced  by th e  T W C  but po ison a n o th er. T h e  au th o r th e re fo re  b e liev es  th a t  
m o re  w o rk  is req u ired  on th is  point.
D o p a n t m od ifica tions  o f T W C  a c tive  s ites  w e re  found  to  b e  m o re  im p o rtan t 
th a n  P G M  loss from  such  c a ta lys ts  in sho rt te rm  e xp erim e n ts , but m o re  w o rk  
o v e r lo n g er t im e s c a le s  u n d e r a  w id e r ra n g e  o f conditions is requ ired .
P rec ip ita ted  F e  substitu ted  K eg g in -ty p e  cata lysts , [ M 0 4.M i2( 0 H ) 24.(H 20 ) i 2]7+, 
on silica sup p o rt c o m p a re d  fa v o u ra b ly  to  th e  co m m erc ia l T W C  in p ro p a n e  
oxidation , but no so  in C O  oxidation  e v e n  a fte r add ition  o f A u . N o ve l A u /F e  
substitu ted  K eg g in -ty p e  ca ta lys ts  h a v e  b e e n  p ro d u ced  fo r th e  first t im e  and  
h a v e  b ee n  show n to  b e  h ighly a c tive  in N O x reduction . A u /F e  substitu ted  so l- 
g el typ e  cata lys ts  p ro ved  to b e  th e rm a lly  u nstab le .
T h e  add ition  o f 1 % w t A u  to  u n su p p o rted  sp in e l-typ e  ca ta lys ts  o f th e  form  
C 0 1 .5F e 1.5O 4 lo w ered  th e  a lre a d y  fa v o u ra b le  L O T s  for C O  a n d  H C  oxidation  
e v e n  though  to ta l s u rfa c e  a re a  w a s  co n s id erab ly  re d u c ed . T h is  s p in e l-typ e  
c ata ly s t w a s  sup p o rted  o n to  p re -c a lc in e d  (a t 1 3 7 3 K ) F ec ra llo y  m onolith  as  
good  c o h e re n t coating  bu t in fu tu re  h ig h er loadings a re  n e e d e d .
6 . 8  F u t u r e  W o r k
K eg g in s  d o p ed  w ith  o r linked o th e r to  transition  m e ta ls  [36 ] o r A u -d o p e d  
K eg g in s  [37 ] o u g h t to  b e  d e v e lo p e d . A  route to su p p o rted  b im eta llic  A u -rich  
n an o p artic les  m ig h t b e  d e v e lo p e d  [38 ].
A  w h o le  ra n g e  o f sp ine ls  a re  po ss ib le  (e .g . C u F e 20 4, C u i-xZ n xG a o .iF e i.9 0 4 
[39 ] o r Cuo.5Coo.5G a xF e 2.xO4 [4 0 ]) a n d  a  ran g e  o f o th e r sp ine ls  shou ld  b e
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e xp lo red  a s  A u  supports  o r a s  o x id e  supports  into w hich  A u x+ can  b e  inserted  
a n d  th e re b y  s tab ilised . A lte rn a tive ly , F e O x can  be  d o p ed  w ith  Z r0 2 , M g O , 
C a O , N iO  e tc  b e fo re  supporting  A u  [41 ] and  ag a in  this should  be exp lo red  
fu rther.
A  w id e r ra n g e  o f ch a ra c te risa tio n  (e .g . M o s s b a u e r, E X A F S , IR  and  
conductiv ity  [3 9 ]) will b e  n ec es s ary . C ond u ctiv ity  could b e  m e a s u re d  in-situ as  
a  function  o f te m p e ra tu re  during th e  cata lys is  [39 ] ind icating  h o w  th e  su rface  
an d  s u b -su rfa ce  ch em is try  w a s  chan g in g  w ith  catalys is .
H av in g  op tim ised  n e w  A u -b a s e d  T W C s  o v e r a  w id e r ra n g e  o f cond itions in 
fu tu re  th e re  is a  n ee d  to  look a t
(I) d eac tiva tio n  w ith  t im e  w ith  co m m o n  po isons (e .g . H 20 ,  N a , M n , Pb,
S , P, e tc )
(ii) A u  loss w ith  t im e  as  a  function  o f vary ing  a ir-fu e l ratios
(iii) w h e th e r th e s e  a re  o f v a lu e  in cold starts  and  u n d e r le an  conditions  
and
(iv) w h e th e r th e s e  a re  o f v a lu e  in d ie se l-p a rticu la te  ox idation
(v) th e  coating  p ro cess  o f A u -co n ta in in g  ca ta lys ts  on F ec ra llo y  (or
c e ra m ic ) s u b s tra tes  a lso  o p tim ised  fo r m a x im u m  activ ity  (an d  long­
te rm  stab ility).
In th e  m e a n tim e  as  n e w  T W C s  a re  e xp lo re d  th e  po isoning o f T W C s  by L P R  
a d d itives  an d  th e  loss o f P G M s  fro m  T W C s  u n d er rea l o p era tin g  conditions  
o v e r long p eriods  o f t im e  n e e d  to e xp lo re  (an d  re la ted  m e ta l leve ls  fou n d  in 
th e  en v iro n m e n t)
Chapter Six - Discussion
5 . 9  R e f e r e n c e s
1. A kcayo l, M . A . a n d  C in ar, C . Appl.Therm alEng., 2 5 (2 0 0 5 )2 3 4 1
2 . C h a n , S . H . an d  H o an g , D. L. Chem.Eng.Technol., 2 3 (2 0 0 0 )7 3 7
3. S h e le f, M . and  M c C a b e , R . W . Catal.Today, 6 2 (2 0 0 0 )3 5
4 . H eck , R. M . an d  F arrau to , R . J. Appl.Catal.A, 2 2 1 (2 0 0 1 )4 4 3
5. G a n d h i, H . S ., G ra h a m , G . W ., an d  M c C a b e , R . W . J.Catal.,
2 1 6 (2 0 0 3 )4 3 3
6 . F a rrau to , R. J. and  H ec k , R . M . Catal.Today, 5 1 (1 9 9 9 )3 5 1
7 . L a res e , C ., C a b e llo  G a lis te o , F ., L o p e z  G ra n a d o s , M ., M arisc a l, R .,
F ierro , J. L. G ., Furio , M ., an d  F e rn a n d e z  R u iz , R . Appl.Catal.B, 
4 0 (2 0 0 3 )3 0 5
8 . Lassi, U ., P o lv in en , R ., S u h o n e n , S ., K allinen , K ., S a v im a k i, A .,
H a rk o n e n , M ., V a ld e n , M ., an d  Keiski, R . L. Appl.Catal.A, 
2 6 3 (2 0 0 4 )2 4 1
9. B arth o lo m ew , C . H ., Appl.Catal.A, 2 1 2 (2 0 0 )1 7
10. M oulijn , J. A ., v an  D ie p e n , A . E ., an d  K apteijn , F. Appl.Catal.A,
2 1 2 (2 0 0 5 )3
11. L am brou , P. S ., C hris to u , S . Y ., F o topou los, A . P ., Foti, F. K ., A n ge lid is ,
T . N ., and  E fs ta th iou , A . M . Appl.Catal.B, 5 9 (2 0 0 5 )1
12. D e s c o rm e , C ., T a h a , R ., M o u a d d ib -M o ra l, R ., and  D u p re z , D.
Appl.Catal.A, 2 3 3 (2 0 0 2 )2 8 7
Chapter Six - Discussion
13. K allinen , K., S u o p an k i, A ., and  H a rk o n e n , M . Catal.Today,
1 0 0 (2 0 0 4 )2 2 3
14. R o ko sz , M . J ., C h e n , A . E ., L o w e -M a , C . K., K u ch ero v, A . V ., B enson,
D ., P e ck , M . C . P ., an d  M c C a b e , R . W . Appl.Catal.B, 
3 3 (2 0 0 1 )2 0 5
15. D e  S a rk a r, A . an d  K h an ra , B. Appl.Catal.A, 2 2 9 (2 0 0 5 )2 5
16. M a g n a c c a , G . and  M o rte rra , C . Phys.Chem.Chem.Phys., 2 (2 0 0 0 )3 9 0 3
17. G o m e z , M . B ., G o m e z , M . M ., an d  P a lac io s , M . A . Anal.Chim.Acta,
4 0 4 (2 0 0 0 )2 8 5
18 . P a lac io s , M . A ., G o m e z , M . B ., G o m e z , M . M ., and  M o ld o v an , M .
Microchem J., 6 7 (2 0 0 0 )1 0 5
19. R au c h , S ., M orrison , G ., a n d  M o ld o v an , M . Sci. Total Environ.,
2 8 6 (2 0 0 2 )2 4 3
2 0 . B och, K ., S ch u ster, M ., R isse , G ., and  S c h w a rze r, M . Anal.Chim.Acta,
4 5 9 (2 0 0 2 )2 5 7
2 1 . G o d le w s k a -y  Z y k ie w ic z , B. a n d  K o zlo w ska , M . Anal.Chim.Acta,
5 3 9 (2 0 0 5 )6 1
2 2 . B en cs, L., R av in d ra , K ., and  V a n  G riek en , R . Atom ic Spec.,
5 8 (2 0 0 5 )1 7 2 3
2 3 . K an , S . F. and  T a n n e r, P . A . J.Anal.Atom.Spectrom., 1 9 (2 0 0 4 )6 3 9
2 4 . G o m e z , M . B ., G o m e z , M . M ., an d  P a lac io s , M . A .
J.Anal.Atom.Spectrom., 1 8 (2 0 0 3 )8 0
Chapter Six - Discussion
2 5 . R av in d ra , K ., B en cs, L., an d  V a n  G riek en , R. Sci.Total Environ.,
3 1 8 (2 0 0 4 )1
2 6 . F ra g n ie re , C ., H a ld im a n n , M ., E a s tg a te , A ., and  K rah en b u h l, U .
J. A na l A tom . Spectrom., 2 0 (2 0 0 5 )6 2 6
2 7 . P izz io , L. R ., V a z q u e z , P . G ., C a c e re s , C . V ., B lanco , M . N ., A le ss o , E.
N ., T o rv iso , M . R ., L an tan o , B ., M oltras io , G . Y ., an d  A g u irre , J. M . 
Appl.Catal.A, 2 8 7 (2 0 0 5 )1
2 8 . Li, X . K ., J iang , Q ., Z h a o , J., Ji, W . J ., Z h an g , Z . B ., an d  C h en , Y .
Acta.Chim.Sinica., 6 3 (2 0 0 5 )1 0 4 9
2 9 . F ie licke , A ., von H e ld e n , G ., M e ije r, G ., P e d e rs e n , D . B., S im ard , B ., and
R ay n er, D . M . J.Am.Chem.Soc., 1 2 7 (2 0 0 5 )8 1 4 6
3 0 . O k a z a k i, K ., M o rik a w a , Y ., T a n a k a , S ., T a n a k a , K ., an d  K o h y a m a, M .
J.Mater.Sci., 4 0 (2 0 0 5 )3 0 7 5
3 1 . Lin, H . Y . and  C h en , Y . W . Ind.Eng.Chem.Res., 4 4 (2 0 0 5 )4 5 6 9
3 2 . B a m w e n d a , G . R ., T s u b o ta , S ., N a k a m u ra , T ., an d  H a ru ta , M .
C atal.Lett, 4 4 (2 0 0 5 )8 3
3 3 . Isono, R ., Y o s h im u ra , T ., an d  E su m i, K. J.Collo id Interf.Sci.,
2 8 8 (2 0 0 5 )1 7 7
3 4 . F ie rro -G o n z a le z , J. C . an d  G a te s , B. C . Lang., 2 1 (2 0 0 5 )5 6 9 3
3 5 . D en g , X ., M in , B. K ., G u lo y , A ., and  F riend, C . M . J.Am.Chem.Soc.,
1 2 7 (2 0 0 5 )9 2 6 7
3 6 . X e n g , Q . X ., X u , J. Q ., S o n g , Y . J ., C ui, X . B., an d  S h i, Z .
Z.Anorg.Allg. Chem., 6 3 1 (2 0 0 5 )1 5 2 8
206
Chapter Six - Discussion
3 7 . Li, Y . C ., Bu, W . F ., W u , L. X ., an d  S u n , C . Q . Sens.Actuat.B,
1 0 7 (2 0 0 5 )9 2 1
3 8 . Luo, G ., M a y e , M . M ., P e tko v , V ., K ariuki, N . N ., W a n g , L. Y ., N joki, P .,
M ott, D ., Lin, Y ., an d  Z h o n g , C . J. Chem.Mater., 1 7 (2 0 0 5 )3 0 8 6
3 9 . A ta -A lla h , S . S ., S a y e d a h m e d , F. M ., K aiser, M ., an d  H a s h h a s h , A . M .
J.Mater.Sci., 4 0 (2 0 0 5 )2 9 2 3
4 0 . A ta -A lla h , S . S . an d  K aiser, M . Solid State Phys., 2 4 2 (2 0 0 5 )1 3 2 4
41. Hua, J. M., Zheng, Q., Zheng, Y. H., Wei, K. M., and Lin, X. Y. Catal.Lett.,
1 0 2 (2 0 0 5 )9 9
A p p e n d i x  A  
D o p a n t  C a l c u l a t i o n s
Appendix A
Pb(00CCH 3)24H20  = 397.35g mol'1 Pb =  207.2 g mol'1 (9.15xl0‘2)
Pb (N 03)2 331.21g mol'1 Pb =  207.2 g mol'1 (7.99xl0‘2)
Zn(CH3C 0 0 )2.2H20  = 219.50g mol'1 Zn =  65.38 g mol'1 (1.403X10'1)
NaOOCCH3 82.03g mol'1 Na =  22.98977 g mol'1 (1.784X10'1)
k n o 3 lO l.lOgm ol'1 K  =  39.0983 g mol'1 (1.293X10'1)
Mn(OOCCH3)2 4H20  = 245.09g mol'1 Mn =  54.938 g mol'1 (2.230xl0'‘)
Weight o f poison
lwt % of poison catalyst =  x 100
Weight of poison (W p) + Weight o f catalyst (W c)
1 =  [W P/ (W P+ W c) ]x l0 0
W p + W c= 100WP 
W c =  99WP
Therefore if lg  of catalyst were used:-
1 =  99WC
W p =1/99 =  1.01 x l0 '2g
Therefore 5 wt% of poison catalysts = 5.05 x 10'2g
0
Therefore amount o f metal salt need =  5.05 x 10* g / mz x mw
Therefore the amount of Pb(OOCCH3)2 4H20  require for lg  o f TW C =  
(Pb(OOCCH3)2 4H20  =  397.35g mol-1 Pb =  207.2 g mol'1
5.05 x 10'2g / 207.2 g x 397.35g =  9.69 x 10'2 g
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Therefore the amount of Pb (N 03)2 require for lg  o f TW C =
Pb(N 03)2 =  331.21gmol‘‘ Pb =  207.2 g mol'1
5.05 x 10'2g / 207.2 g x 331.21g =  8.07 x IO'2 g
Therefore the amount o f Zn(CH3C00)2.2H20 require for lg  o f TW C =  
Zn(CH3C00)2.2H20  =  219.50g mol"1 Zn =  65.38 g mol'1
5.05 x 10'2g / 65.38 g x 219.50 = 1.70 x 10'1 g
Therefore the amount of NaOOCCH3 require for lg  o f TW C =  
NaOOCCHs =  82.03gmol'1 Na =  22.98977 g mol'1
5.05 x 10'2g / 22.98977 g x 82.03g =  1.80x 10'1 g
Therefore the amount of NaOOCCH3 require for lg  of TW C =
K N 0 3 = 101.lOg mol'1 K =  39.0983 g mol'1
5.05 x 10'2g / 39.0983 g x 101.10g =  1.31x 10'1 g
Therefore the amount o f NaOOCCH3 require for lg  of TW C =  
Mn(OOCCH3)2 4H20  =  245.09g mol'1 Mn =  54.938 g mol'1
5.05 x 10'2g / 54.938 g x 425.09g =  3.91 10'1 g
A p p e n d i x  B  
R i g  C a l i b r a t i o n s
Appendix B
6% CO in N2 -  flow rate range: 0 -1 0 0  cm3 (STP)/min
Set flow rate 
[cm3/min]
5.0 10.0 25.0 50.0 75.0 100.0
deviation [%] 0.19 0.27 0.17 0.22 0.19 0.22
1% propane in N2 -  flow rate range: 0 - 5 0  cm3 (STP)/min
Set flow rate 
[cm3/min]
2.5 5.0 12.5 25.0 37.5 50.0
deviation [%] 0.90 0.20 0.17 0.00 -0.01 -0.05
1% NO in N2 -  flow rate range: 0 -  250 cm3 (STP)/min
Set flow rate 
[cm3/min]
12.5 25.0 62.5 125.0 187.5 250.0
deviation [%] 1.55 0.67 0.37 0.20 0.12 -0.05
synth. air -  flow rate range: 0 -  50 cm3 (STP)/min
Set flow rate 
[cm3/min]
2.5 5.0 12.5 25.0 37.5 50.0
deviation [%] 0.98 0.31 0.19 0.22 0.20 0.10
C 02 -  flow rate range: 0 -  100 cm3(STP)/min
Set flow rate 
[cm3/min]
5.0 10.0 25.0 50.0 75.0 100.0
deviation [%] 0.77 0.22 -0.07 0.19 0.37 0.37
Appendix B
N2 -  flow rate range: 0 -  500 cm3(STP)/min
Set flow rate 
[cm3/min]
25 50 125 250 375 500
deviation [%] 0.76 -0.27 -0.34 0.17 0.29 0.35
C O  a n a ly s e r  c a lib ra tio n  c u rv e
The calibration was carried out by dosing different levels of CO in N2 (flow 
rate: 500 cm3/min) via the respective MFCs.
CO 8e, [ppm]
Appendix B
N O  a n a ly s e r  ca lib ra tio n  c u rv e
The calibration was carried out by dosing different levels of NO in N2 (flow 
rate: 500 cm3/min) via the respective MFCs.
N O  [p p m ]
p ro p a n e  (G C  -  F ID ) c a lib ra tio n  c u rv e
The calibration was carried out by dosing different volumes of propane in N2 
(via MFCs) using a gas-tight syringe (100 mm3).
propane set [ppm]
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A p p e n d i x  C
P s e u d o - A r r h e n i u s  p l o t s  f o r  H C  c o n v e r s i o n  
o v e r  p o i s o n e d  T W C
Appendix C
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1000/T  K
Pseudo-Arrhenius plot for HC conversion between 21.22 - 56.39% over a 
commercial TWC (0.2g of catalysts was used in a flow of 500cm3 min*1 
stoichiometric gas mixture R=1.13)
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1000/T K
Pseudo-Arrhenius plot for H C  conversion between 20.53 - 61.25% over a
commercial T W C  doped with Pb(OAc )2 (0.2g of catalysts was used in a flow
of 500cm3 min*1 stoichiometric gas mixture R=1.13)
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4.2
2.8  !  ■-------— — ---1   f --------   -I-----------
1.46 1.5 1.54 1.58 1.62 1.66 1.7 1.74
1000/T  K
Pseudo-Arrhenius plot for HC conversion between 18.41 -  56.48% over a 
commercial TWC doped with Mn(OAc)2 (0.2g of catalysts was used in a flow 
of 500cm3 min"1 stoichiometric gas mixture R=1.13)
Pseudo-Arrhenius plot for H C  conversion between 14.02 - 56.63% over a
commercial T W C  doped with N A O A c  (0.2g of catalysts was used in a flow of
500cm3 min'1 stoichiometric gas mixture R=1.13)
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1000/T
Pseudo-Arrhenius plot for HC conversion between 19.63 - 59.30% over a 
commercial TWC doped with Zn(OAc)2 (0.2g of catalysts was used in a flow 
of 500cm3 min'1 stoichiometric gas mixture R=1.13)
1000/T  K
Pseudo-Arrhenius plot for H C  conversion between 20.85 - 57.58% over a
commercial T W C  doped with P b ( N 0 3)2 (0.2g of catalysts was used in a flow of
500cm3 min'1 stoichiometric gas mixture R=1.13)
Appendix C
1.06 1.07 1.08 1.09 1.1 1.11
1000/T  K
Pseudo-Arrhenius plot for HC conversion between 18.45 - 57.62% over a 
commercial TWC doped with KN03 (0.2g of catalysts was used in a flow of 
500cm3 min"1 stoichiometric gas mixture R=1.13)
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A p p e n d i x  D
P s e u d o - A r r h e n i u s  p l o t s  f o r  C O  c o n v e r s i o n  
o v e r  p o i s o n e d  T W C
Appendix D
1000/T
Pseudo-Arrhenius plot for CO conversion between 1 - 5% over a commercial 
TWC (0.2g of catalysts was used in a flow of 500cm3 min'1 stoichiometric gas 
mixture R=1.13)
1000/T
Pseudo-Arrhenius plot for C O  conversion between 1 - 5 %  over a commercial
T W C  doped with Pb(OAc)2 (0.2g of catalysts was used in a flow of 500cm3
min'1 stoichiometric gas mixture R=1.13)
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Pseudo-Arrhenius plot for CO conversion between 1 - 5% over a commercial 
TWC doped with Mn(OAc)2 (0.2g of catalysts was used in a flow of 500cm3 
min'1 stoichiometric gas mixture R=1.13)
Pseudo-Arrhenius plot for C O  conversion between 1 - 5 %  over a commercial
T W C  doped with N a O A c  (0.2g of catalysts was used in a flow of 500cm3 min'1
stoichiometric gas mixture R=1.13)
Appendix D
Pseudo-Arrhenius plot for CO conversion between 1 - 5% over a commercial 
TWC doped with Zn(OAc)2 (0.2g of catalysts was used in a flow of 500cm3 
min'1 stoichiometric gas mixture R=1.13)
Pseudo-Arrhenius plot for C O  conversion between 1 - 5 %  over a commercial
T W C  doped with P b ( N 0 3)2 (0.2g of catalysts was used in a flow of 5 0 0cm3
min'1 stoichiometric gas mixture R=1.13)
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Appendix D
Pseudo-Arrhenius plot for CO conversion between 1 - 5% over a commercial 
TWC doped with KNO3 (0.2g of catalysts was used in a flow of 500cm3 min'1 
stoichiometric gas mixture R=1.13)
Appendix E
A p p e n d i x  E  
X P S  S p e c t r a  o f  P o i s o n e d  C a t a l y s t s
Appendix E
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XPS spectra of K2p3/2 for KN03 doped commercial TWC (Al Ka source at
1490.4 eV)
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X P S  spectra of Pb4f7/2 for Pb(OAc)2 doped commercial T W C  (Al K a  source at
1490.4 eV)
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XPS spectra of Pb4f7/2 for Pb(N03)2 doped commercial TWC (Al Ka source at
1490.4 eV)
33000
31000
15000
625 630 635 640 645
Binding Energy (eV)
650 655 660
X P S  spectra of M n 2p3/2 for Mn(OAc)2 doped commercial T W C  (Al K a  source
at 1490.4 eV)
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Binding Energy (eV)
XPS spectra of Zn2p3/2 for Zn(OAc)2 doped commercial TWC (Al Ka source at
1490.4 eV)
Binding Energy
X P S  spectra of Nais for N a O A c  doped commercial T W C  (Al Ka source at
1490.4 eV)
